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INTRODUCTION 
Water Structure 
Knowledge concerning the structure in liquid water is 
important for many areas of chemical, biological, geological 
and meteorological research (43, y9, 51, 60, 77). The indi­
vidual water molecule is well characterized and many of its 
properties can be computed with results in good agreement 
with experiment. But in many respects the behavior of liquid 
water is very puzzling (36, 50). Water is anomalous in 
nearly all cf its physicochemical properties when compared to 
similar liquids. The higher melting and boiling point, the 
unusually high heat capacity, the decrease in volume when 
melting and the decrease in viscosity with increasing 
pressure are some of its unusual characteristics (28, 51, 60, 
76). These unique properties indicate that there is a funda­
mental difference between water and most other liquids. y.o 
definite model exists yet that correctly explains all these 
properties of water. It is felt that the unusual nature of 
water results from the dipole moment of the water molecule 
and from the fact that water molecules can form as many as 
four hydrogen bonds with each other. This allows the forma­
tion of a spatially extended network of interconnected mole­
cules (15, 36, 75). Experimental data, such as x-ray 
diffraction, seem to confirm that close neighbors are not 
randomly distriouted out have short range order (73). 
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The nature ot the observed structure dej-ends on the time 
scale employed an J is discernible only if the average life­
time of a structure exceeds by an order ot magnitude the 
period ct the vibration of the bonds that define the struc­
ture (6, 27). laplicit in tais statement is the fact that 
different experimental methods may indicate different struc­
tures for a system. 
A satisfactory theory of the structure of liquids has 
lagged far behind that of other states of matter because of 
the intrinsic difficulty of characterizing fluids (8, 9, 23) . 
In gases the kinetic energy of tùe nearly free molecules 
dominates the behavicr of the system; in solids it is the 
periodicity of the potential energy in which lattice vibra­
tions occur that is cost important. But in liquids these two 
energies may be similar in magnitude. 
The theory of water has been hampered by a lack of a 
general theory of the liquid state even for simple or normal 
liquids {21, 6C). In addition, the directionality of inter­
actions in. liquid water exerts an influence on local order 
which is not present in other liquids, thus making its theo­
retical treatment even more difficult (57, 84). And a theory 
for water will depend on the type of theory adopted for hy­
drogen bonds, since the hydrogen bond plays a fundamental 
role in the structure of any aggregate that water molecules 
can forz (6). The potentials between molecules are non-
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additive to a significant degree, with the hydrogen bond de­
pending in a complicated way on both the number and configu­
ration of neighboring bonds (82) - Also the cohesive energy 
between pairs of solecules is an order of magnitude larger 
than for liguified ncble gases (35). Thus, the statistical-
mechanical approximations that can be applied to equilibrium 
and transport properties of liquified inert gases can not be 
applied to liqi'id water (23). This cakes it difficult to 
fcLBulate a theu^y of liquid water (36). 
Existence of a structured or ice-like component of water 
has long been postulated, to account for the phenomenon of 
maximum density in liquid water (3U). As early as 1580, 
H. A. Rowland suggested that liquid water contained ice, and 
in 1892 W. C. Roentgen described water as a saturated solu­
tion of ice in a liquid composed of simpler molecules (26, 
35) . After the t::rn of the century, water vas con­
sidered to consist of a mixture of different water polymers 
with varying degrees of association (5). These theories ex­
plainer qualitatively some of the properties of water but 
gave little quantitative results. 
A paper cy Bernai and Fowler in 1933 was the first sig­
nificant quantitative contribution to the theory of liquid 
water (7, 19, 57). They suggested that the unusual nature cf 
water was due, not only to the dipole character of the indi­
vidual water -.olecule, but even more to its geometrical 
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Structure. A comparison of x-ray diffraction of ice and 
water led them to propose a model for water consisting of 
molecules held together in an irregular tetrahedral arrange­
aient by hydrogen bonds as in ice and in addition a certain 
fraction of monomers. They assumed that upon melting the 
structure of water was transformed from an ice-tridymite-like 
fori, which persisted in sone degree up to to a quartz-
like structure at ordinary temperatures. In the structural 
change, nearest neighbor distance remained about the same, 
cut the next nearest neighbor distances decreased by about 
O.uS. This accounted for the abrupt change in density when 
water lelted. The structured water was guessed to be like 
quartz, which was tetrahedrally coordinated, because of the 
similarity in the x-ray patterns. 
In retrospect Bernai noted that he was originally 
inspired by the analogy between the scattering patterns of 
liquids and the corresponding solids (8). He stated that he 
presently felt that this was a delusive approach which 
imposed a greater degree of order than actually existed in 
liquids - that liquids were not just a blurred solid. 
Most recent models of liquid water emphasize extensive 
hydrogen bonding and formation of spatial networks (76). 
These theories range from the concept that the orientation of 
ccllidinq dipoles may be correlated for short times (26) to 
the idea that each molecule may be bonded to its nearest 
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neighbors and they tc theirs, so that the entire volume in a 
certain sense forms a single loosely bonded molecule (29). 
A number of models have been proposed for liguid water. 
They can be classified in two basic categories - continuum 
Œcdel and mixture model (60) . 
In the continuum model, the entire liquid is considered 
tc be homogeneous, having an irregular extensively hydrogen-
tended structure (27, 77). The hydrogen bond is regarded as 
being bent (as if it were electrostatic) rather than broken, 
and there is a continuous distribution of hydrogen bond ener­
gies and geometries (19, 57). 
The basic premise of the mixture model is that liguid 
water is composed of a small number of distinctly different 
short-lived species cf water molecules characterized by dif­
ferent numbers of hydrogen bonds (30). Generally the hydro­
gen bond is regarded as no longer existing when it is bent, 
since substantial covalency, which is very directional, is 
assumed for the bonds (19). 
In general, the mixture model is attractive to many 
cheiists. They find it useful for gualitatively interpreting 
thermodynamic properties of water and the behavior of aqueous 
scluticns. On the other hand, chezical physicists, who see 
difficulties in conceiving hew one molecule xn a liguid 
should avoid seing subject to the same strong forces that act 
on ether molecules in the same system, tend to support the 
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continuum model (36). All the models considered so far are 
intuitive, and none have a firm theoretical and physical 
basis (60) . 
Experimentally several models, which differ significant­
ly at the molecular level, more or less satisfactorily sup­
port a number of thermodynamic, spectroscopic and transport 
properties of water (27, 99). For instance, radial distribu­
tion curves obtained from x-ray diffraction data can be re­
produced by most models (7U). This points up one of the 
principal problems in developing a model for liquid water. 
It is difficult to find an experiment which uniquely deter­
mines a model (64). Any model which invokes very different 
environments, continuous or discrete, for water molecules in 
liquid water can account qualitatively for most of the prop­
erties of liquid water (60). So far, no unequivocal experi­
mental criteria relating to the properties of water determine 
a choice between the uniform and non-uniform models, and none 
of the models proposed so far is entirely satisfactory (40, 
102). Even among the mixture models there is disagreement 
about the nurrer of mononeric molecules in water. Estimates 
range fic" to 7 0% (102). In spite of much theoretical 
and experiaentdl work, the structure of liquid water is still 
not well understood (15). 
Spectroscopists are also divided as to whether spectral 
data support the continuum or mixture concept of liquid 
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water. Unfortunately, the vibrational spectrum of liquid 
water is complex and difficult to interpret, but it is ex­
pected to supply an important restraint on the selection of 
water models (60) . 
Water in its vapor phase has three normal modes of vi­
bration: a bending mode around 1600 cm-i, a symmetric and an 
antisyanetric stretching vibration around 3650 ca-i and 
3750 cm-i (27). In addition, there are pure rotational bands 
in the far infrared. The condensed liquid and ice phases 
have bread bands in similar regions of the spectrum. Since 
the water molecule maintains its identity in the condensed 
phases (60, 67, 8U), it is assumed that the bands in liquid 
water and ice correspond to the normal modes of the isolated 
water molecule. The frequency displacements of the bands 
from their isolated values are presumably due mainly to the 
C ^  a ^  1 g 1 a f  ^  A r"  ^  ^ ^ ^  ^  
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breadth of the spectral bands associated with the stretching 
freguencies is primarily due to different local strengths of 
the static field, inter- and intra-molecular coupling, and 
perhaps Ferai resonance, contribute to the widths of these 
bancs. Relaxation times may also augment the band widths 
(27, 30, 59). Due to the asymmetrical nature of the HDO mol­
ecule, the intramolecular modes are decoupled, and many of 
the overtones and coshinaticr, lines are well separated so 
that in general Fermi resonance does not occur. Further, the 
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spectra of dilute HDC in H^O or D^O are essentially free from 
interaclecular coupling of vibrations (30). As a result, the 
shape of the bands of HDO are simpler than those of H^O or 
C20 and lay be interpreted in terms of the local environment 
of the molecule (27, 111, 114). 
The stretching frequencies of water are highly sensitive 
to the strength and extent of hydrogen bonding; so the vibra­
tional spectra of these frequencies are strongly dependent on 
the environment of the bond {27, 30, 73). Thus the OD spec­
tral band of HDO in H2 0 (or the OH band of HDO in D^O) ought 
to provide information about the nature of structure in 
liquid water, even for lifetimes as short as IQ-ia seconds 
(30) . 
Ranan Spectroscopy 
The Haman effect is an inelastic scattering of photons 
by solecules, atoms cr crystals. It can be visualized as the 
absorption of a photon by a system, leaving the system in an 
excited virtual state from which it relaxes immediately (ac­
cording to the Heisenberg uncertainty principle) to a final 
eigenstate that is different from the initial one and 
emitting a photon in the process. The frequency difference 
between the incident and scattered photons corresponds to the 
energy difference between the associated eigenstates of the 
system. 
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In 1928 Sir C. V. Raman of India reported the discovery 
of this type of light scattering for which he received the 
Nobel prize in physics in 1930 (85, 86, 58). Independently, 
and almost at the same time, Mandelstam and Landsberg of 
Bussia observed the same type of scattering (12). 
Stimulated by the Compton effect, Smekal in Germany had 
predicted this scattering effect in 1923 (9%). He suggested 
that a light quantum might inelastically scatter from an atom 
cr molecule. Conservation of energy requires that 
1/2mv2 • E + hv = 1/2mv'2 + E, + hv*. 
n K 
Momentum considerations show that 1/2av2 and 1/2av'2 differ 
no more than one part in 10*. So to a good approximation -
Z + hv — E. + hv ' 
n K 
where and are the initial and final eiqenstates of the 
system; m and v» are the frequencies of the incident and 
scattered photons^ 
Baman and infrared spectra of a sample frequently look 
si'ilar. However, there are important fundamental differ­
ences (95). Classically, the intensity of the noraal Raman 
effect is proportional to the change in the polarizability 
tensor of the system during the transition, whereas the 
infrared intensity is proportional to the change of the 
vector dipole aoaent of the system; hence, different selec­
tion rules apply (39). And since the Raman intensity depends 
CD a tensor, information is contained in the polarization of 
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the scattered light which is due to the anisotropy of the 
polarizability change. This Raman tensor can be decomposed 
into an isotropic tensor and an anisotropic tensor. This 
aids in identifying the symmetry of the scattering system. 
Baman spectroscopy is valuable in investigating vibrational 
and rotational energy levels of molecules in liquids and 
gases and for the determination of lattice vibration frequen­
cies of solids. In spite of the fact that the Hainan effect 
is very weak (the scattered intensity is six to ten orders of 
magnitude less than the incident intensity), it has the prac­
tical advantage of bringing the infrared spectrum into the 
visible and avoids infrared techniques (93) . 
After the initial discovery of the Raman effect, there 
was much activity and development of instruments, techniques 
and pheccmenological theory for this field of spectroscopy 
(95). Mercury lamps became toe most cormon light sci:rc3s, 
and fast prism spectrographs were developed. However, in 
spite of ingenious filters, it was difficult to reduce the 
intensity of extraneous light below that of the Baman 
spectrum. Also, because of the weak nature of the Raman 
effect, frequently hours and even days cf exposure time were 
needed to obtain discernible exposures. During this time, 
infrared techniques were improved. Hence, Raman spectroscopy 
fell largely into a state of disuse. 
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In the 1960's three instrumental developments generated 
new interest in this field. The innovations were lasers, sen­
sitive low noise photoelectric detection systems and high 
speed double aonochrcmators (58, 111). 
The laser has several advantages over the mercury lamp 
as an excitation source. In addition to selections of lasers 
that operate at many different wavelengths, the laser beam is 
normally polarized, monochromatic and directional. Since the 
laser has negligible beam divergence and the radiation is 
usually plane polarized, by virtue of the optical geometry of 
the laser cavity, it is easy to measure the polarization of 
the Baman scattered radiation. Because the laser beam is 
very monochrocatic, it is possible to detect Raman lines 
which are very close to the Rayleigh line and to do profile 
studies of Hasan spectral lines. Also, the monochromatic 
beaz can be focused to a very small spot, giving & high power 
density and permitting efficient collection of Raman light 
even free very small samples. 
Photomuitiplier tubes and fast electronics have been de­
veloped that are capable and sensitive enough to detect indi­
vidual optical photons. This shortens the scan times needed 
to detect Sacan lines by several orders of magnitude when 
compared to traditiocal photographic methods. In addition, 
these electronic detection systems are linear in signal re­
sponse ever a  range of six orders of magnitude or more. 
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Finally, double (and triple) monochroaators have been 
developed, so that the intensity of stray incident light is 
reduced by tea orders of magnitude or more for a 
oonochroirator setting just one nanometer (nm) away from the 
frequency of the incident light. 
Several qcod reviews have appeared in the literature 
which cover in greater detail laser Raman instrumentation and 
technigues <44, 45, 48, 78). 
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LITEfiATUfiE REVIEW 
This review is confined primarily to spectroscopic in­
formation relevant to the stretching frequencies of the water 
molecule in liquid water and aqueous solutions. 
Mixture Model 
Halrafen was among the first to interpret spectral evi­
dence in terms of the mixture model, first by his studies of 
the librational and hindered translational nodes, but even 
more persuasively with his laser Raman spectral studies at 
different temperatures of the OD stretching frequency of 
dilute solutions of EDO in water (107, 108, 109, 110, 111, 
112, 113, 114, 115, 116) . The appearance of a frequency at 
which the intensity in the spectral band was independent of 
temperature (an isoscestic point) and the fact that the OD 
band could be approximately resolved into two Gaussian compo­
nents, which had opposite intensity depe ndence or. tempera­
ture, were suggested to be strong reasons for assuming that 
water was composed of two classes of water molecules (111). 
The Gaussian at the lower frequency (around 2520 cm-i), the 
intensity of which decreased with increasing temperature, was 
associated with hydrogen-bonded OD units. The other curve 
(at about 2650 cm—i) was identified with non-hydrogen-bonded 
CD units which, however, were involved in other strong inter­
actions such as dipole-dipole forces (18). Walrafen consid­
ered that the stimulated Raman spectra of nerval and heavy 
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water justified the decomposition that he used and supported 
the idea chat distinguishable molecular species existed in 
liquid water (18, 23). Further, he obtained results for the 
CT stretching vibration of HTC in water which he claimed was 
consistent with the above analysis (117). He noted, though, 
that there was a marked difference between the shapes of the 
CT stretching contour and those of the OD and OH stretching 
hands. 
The fact that the component spectral bands were Gaussian 
in shape and fairly troad, was explained by him to be due to 
small random distortions involving different major classes of 
interactions. In the case of the hydrogen-bonded interac­
tions, small random distributions of 0-0 distances and 
G-H 0 angles were suggested to be the cause of the spectral 
shape. For non-hydrcgen-bonded molecules he felt that random 
dipcle-dipcle interactions may have accounted for the breadth 
of the band (114). Similar results were obtained for the OH 
band of dilute solutions of KDO in deuterated water. 
While the infrared spectrum is net as structured as the 
more complicated Raman bands (presumably because of more 
stringent selection rules) (66), Vand and Senior were able to 
verify by means of differential techniques that the infrared 
spectrum of the OD stretching frequency was also 
asymmetrical, resolvable into two components and had an 
isosbestic pc^nt when the temperature of the sample was var-
led (92). They also did a simple calculation which showed 
that in general an isosbestic point might occur in a system 
having any number of components, but that it was most likely 
tc be characteristic of a two component system that was in 
equilibrium. Even for this simple system, it had to be 
assumed, in addition to the equilibrium between the two com­
ponents, that the half-widths and positions of the component 
spectral bands remained constant for changing temperature (or 
any other parameter, such as pressure or soJute concentration 
for which an isosbestic point was observed) (112). Their 
conclusion was that if it could be demonstrated that a spec­
tral envelope was decomposible into two sub-bands, then an 
isosbestic peint indicated that the system was composed of 
two types of molecules in equilibrium with each other- So 
they supported tfalrafen's contention that liquid water con­
sisted cf two classes of water moleculeSs 
Recently, O'Ferrall, Koeppl and Kresge did normal mode 
vibrational analysis of liquid water (69). The fully bonded 
species of water was approximated by a nine-atom model 
consisting of a water molecule (or its equivalent) surrounded 
tetrahedrally by two oxygens and two CH groups. Lower states 
cf hydrogen bonding were represented by removing one or more 
of the surrounding oxygens and OH groups. Stretching force 
constants tere chosen to reproduce the frequencies reported 
by w'alrafen. It was found that the vibrational frequencies 
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were only slightly affected by the hydrogen bonding of the 
oxygen lone pairs of the water molecule, and this effect 
could be neglected. Consequently they found four principal 
frequencies for the CD (or similarly for the OH) stretching 
frequency of HDO. These were identified with 1) the HDQ mol­
ecule having no hyirogen bonds, 2) the CH unit of the HDO 
molecule being hydrogen bonded, 3) the CD unit of the mole­
cule being hydrogen bonded, and U) both the CD and OH units 
having hydrogen bonds, i.e., a fully bonded molecule. The 
first two situations involved non-hydrogen-bonded CD units, 
and for the CD stretching vibrations their frequencies were 
calculated to be 264C cm-i and 2650 cm-i. The other pair of 
frequencies were associated with hydrogen-bonded OD units 
also having frequencies close together - 2490 cm-i and 
2505 cm-i - but well separated from the former pair. Because 
the frequencies within the pairs were so close- they vere 
grouped into two classes of water. Walrafen also suggested 
on the basis of the stimulated Raman spectra of normal and 
heavy water that each of the classes of water molecules gave 
rise to one intense spectral band and one very weak component 
at a slightly Icwer frequency (13). Thus he felt that the 
contribution of the two smaller conponents to the total in­
tensity of the band was so siall that they did not destroy 
the iscsbestic point which indicated that the system was com­
posed of predominantly two ccmponentSc 
17 
Continuum Model 
In spite of these arguments, many spectroscopists do not 
accept the mixture concept (36). 
Infrared spectra of ice II show that four distinctly 
resolvable and relatively narrow peaks are apparent in the OD 
stretching freguency of RDO in water (10, 86). On the basis 
of this evidence, Bertie and Whalley predicted that there 
would be four discrete 0-0 distances in ice II.i 
Crystallographers sufcseguently verified this (54). So it 
seemed natural to them to explain the single peaked broad 
band of the same stretching frequency in ice I to the known 
random distributions of the 0-0 distances in that type of 
ice. And then it seemed plausible to extend the concept and 
associate the even broader band of liquid water with a 
continuous distribution of 0-0 distances (27). 
Yelling and Courchene demonstrated that the infrared 
band of the OD stretching freguency in ice I at -7.6°C was 
symmetrical and could be fitted with a single Lorentzian 
function with a half-width of 31 cm-i (119, i02). It was 
found that this same band in liquid water at 40C was also 
symmetrical, but it required a Gaussian curve with a half-
width of 150 ca-i for a satisfactory fit. According to them. 
of the molecules in ice were 
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it took ten to fifteen closely spaced Lorentzians to achieve 
a comparable fit to that of the single Gaussian. So they 
concluded that the spectral band of liquid water consisted of 
a large number of overlapping Lorentzian bands arising frcm a 
continuous distribution of perturbed OD (or OH) oscillators 
(112). They noticed that at higher temperatures the OD spec­
tral band became asymmetric. 
Kyss and Falk reported that at room temperatures the 
uncoupled OC infrared band was asymmetrical (118). But from 
considerations of the asymptotic behavior of the shift in 
freguency from the corresponding freguency in vapor as a 
function of geometrical parameters, they showed that a 
continuum model could display asymmetry, have inflections and 
even an isosbestic point in the spectral band. In their ar­
gument they utilized functions (dependent on temperature, 
frequency and sample density) to formally relate Basar scat­
tering cr infrared intensities to the density of vibrational 
states. This gualitatively explained the measurable differ­
ence between the Raman and infrared spectrum of water (57, 
118) . 
weak isosbestic points have been observed in the 
infrared spectra of certain solids (ice, d-ribose, d-galactos 
and pentaerythritol) (31). It was suggested that these were 
obviously not dependent on equilibrium between hydrogen-
tonded and non-hydrogen-bonded groups. 
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Perram showed that it was possible to decompose a single 
Gaussian curve into two Gaussiaas that were displaced 
symmetrically one from the other by about 25S of the half-
width of the band. Ihe new Gaussians had approximately the 
same half-widths as the original Gaussian. Thus, he felt 
that Walrafen's decomposition of the water band was probably 
arbitrary. 
Empirically a corrélation exists between OH stretching 
frequencies and 0 - 0  distances i n hydrogen bonded systems ( 6 2 ,  
83). Assuming that this relation for crystals was also true 
for hydrogen bonds ic liquids and assuming that the intensity 
of the Baaan band at each frequency was proportional to the 
number of oscillators having that frequency. Wall and Hornig 
converted the Raman spectrum of the OD and OH stretching fre­
quencies into distribution functions of the 0-0 distances 
(103). They reported that this distribution agreed substan­
tially with the distributions derived from x-ray scattering 
and supported the suggestion that structural disorder was the 
cause of the breadth of the uncoupled OD and OH spectral 
bands (19) . 
Ford and Falk asserted that overtones, combination and 
bet bands (transitions from thermally excited rotational 
states), as well as life time broadening, contributed 
negligibly to the OD or OH spectral band-width of the HDO 
stretch band. They concluded that a continuous distribution 
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cf C-0 distance was responsible for the breadth of the bands 
(32) . 
Wall took the Fourier transform of the OD and OH spec­
tral bands of HDO to obtain time correlation functions of 
these bands (105, 106). From theoretical considerations he 
interpreted the results to indicate that interaolecular vi­
brational modulation Has= responsible for the observed band 
width. So he concluded that the spectral envelope associated 
with the HDO stretching frequencies was a superposition cf 
many molecular oscillator bands. 
Walrafen, who, as noted above, advocated the mixture 
model of water, noted in his recent report that pressures up 
to 7.2 kbar did not significantly affect the Raman OD 
stretching frequency. He recognized that this indicated that 
structural inhoaogeneities in water must occur primarily in 
small regions since larqe,- distinctly dissimilar regions 
having greatly different densities should yield large 
pressure effects. And he admitted that the Saman pressure 
data appears to be consistent with a redistribution of angles 
and distances (115, 116). These findings agreed with Frank 
and Roth's earlier observations of the infrared spectra of 
the CD band at high pressures (33). It was their conclusion 
that few if any non-bonded water molecules existed in the 
liquid and that there was no evidence of small clusters of 
water since separate bands failed to appear in their pressure 
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studies of water. 
Rahman and Stillinger did a molecular dynamics study of 
a model of liquid water consisting of 216 molecules at a tem­
perature of 34.30c. They claimed that their results agreed 
moderately well with the direct comparisons that could be 
made with experiment (8U). Their calculations indicated that 
1) the neighbors around a water molecule tended to be 
t€trahedrally criented as expected, 2) there were substantial 
deviations away from linear hydrogen bonds, 3) there were no 
recognizable large clusters of molecules, 4) no patterns of 
known ices or clathrates appeared, 5) dangling bonds did 
exist which could account for the shoulders and inflections 
evident in the infrared and Eaman spectra, 6) no separation 
of molecules into network and interstitial species was 
apparent, 7) all rotational angles about the hydrogen bond 
existed and 0) no significauc network interpénétrations 
were observed. They felt that the theoretical correlation 
functions resulting from this calculation indicated that 
liguid water was a random, defective and highly strained 
network of hydrogen bonds that filled space rather uniformly, 
rven for a wide choice of effective pair potentials, they 
always observed a single maximum in the coordination numbers, 
which implied that there were no two classes of molecules in 
liguid water-
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This computation is consistent with an earlier report by 
Schiffer and Hornig that vibrational dynamics calculations 
for liquid water demonstrated that most of the hydrogen bonds 
were greatly distorted (89). They felt that the spectral 
envelope associated with the OH (or CD) stretching frequency 
was due to a distribution of different potential energy envi­
ronments for the HDO molecule which resulted from collisions 
in molecules. Thereby three types of environments could 
result from collisions: 1) near linear O—H 0 systems with 
different lengths; 2) highly non-linear O-H 0 bonds with a 
distribution of bond angles and 0 0 distances and 
3) perturbations of electron densities in the hydrogen bonds 
caused by lateral collisions. All of these effects were, 
they expected, to be associated with a continuum of energies, 
net discrete states. 
In 1972 Curnuttç an à reported nocmal vibration­
al computations based on the continuum model of water (21). 
These calculations for the OD and OK stretchin.j frequencies 
of HDO reproduced nearly all spectroscopic fe^tursc, 
including inflections, shoulders and iscsbestic peints. They 
suggested that t he difference in t he spectral band s hape be­
t ween t he calculated bands and o bserved bands sight be e v i­
dence of the existence of bent hydrogen, bonds in liquid 
water, which t hey did not assume. It could a lso be a f a u lt 
o f  their assumption that t h e efficiency c£ s cattering or a c-
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Ecrpticn was constant for all frequencies. 
Solutions 
From the above discussion it is clear that it is diffi­
cult to find a unique model for liquid water in general or 
for the vibrational spectrum of water specifically (47, 6C). 
In fact, it is not even established whether different species 
of water molecules can be detected in the vibrational 
spectrum of water. If electrolytes are added to the water, 
the interpretation becomes more complex (49, 50). Some feel 
that until a few of the unique properties of water are better 
understood, it is premature to expect to model the specific 
properties of ions in aqueous solutions (19). However, an 
important criterion in considering models for liquid water is 
their applicability to solutions (74). Any definitive theory 
of water must be able to describe the changes that occur in 
the solvent when either electrolytes or non-eiectrolytes are 
added, for it seems that the special features observed of 
solvents in water are associated with the specific structure 
of water (101). 
The Baman spectrum should offer a useful technique for 
characterizing the water of hydration in solutions (104). As 
noted earlier, the stretch frequency of water is sensitive to 
the local environments, and the frequencies are primarily de-
terained by the nature cind character of the immediate 
hydrogen-bonded neighbors. The information which sight be 
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cfctained from the Raman spectrum of water in ionic solutions 
would be related to the duration, extent and strength of the 
ion-water interaction (104). 
It would seem that in a dilute solution, there should 
exist two general classes of water molecules, 1) the water of 
hydration or affected water that is in the immediate vicinity 
of the anions or cations and 2) the water that is so far away 
from the ion that it is unaffected (104). Since the water of 
hydration is structured differently than the unaffected 
water, it perhaps would be expected to show a range of fre­
quencies resolvable from those of pure water. However, only 
slight modifications in the CD or OH spectral bands occur for 
most hydrated salts (1, 14, 56). Only the anions ClO^- and 
EF^— have been reported to give clear evidence for separate 
species (1). This is consistent with the infrared investiga-
 ^  ^M  ^f r-» * 1 I* * * «3 —H ^   ^<1— / 1 * Ou V L7  ^ T . O 
CaSG^.zKgO, LigSO^.HgO, SrClg-ZHgO and CaClg-GH 0) which 
reveal that water molecules in many of these crystals have 
intermolecular energies close to those found in liquid water 
(89). So the water stretching frequencies in these systems 
fall in the same region as in pure water, and this suggests 
that the local environment of the water molecules is not 
greatly different for liquid water and many hydrates. 
Consistently, it has been reported that the cations have 
saall or negligible effect on the spectral frequencies of 
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water (1, 16, 19, 92, 107, 109, 114, 118). This is said to 
ie related to the lower polarizabilities of cations, compared 
to that of the anions, which is due to the fact that the in­
teraction between cations and water is chiefly ionic. Also, 
the insensitivity of the OH stretching frequency to the 
nature of cations is consistent with the normal mode calcula­
tions discussed earlier, which showed that bonding at the ox­
ygen lone pairs negligibly affected the stretching frequen­
cies (69). However, DeLoze and Brown recently claimed that 
their infrared work indicated that cations and not anions 
were chiefly responsible for structure making or breaking 
features or salt solutions (24) . And Hass and Stein demon­
strated that there was vibrational coupling of H^O and D^C to 
electronic levels of Gd3+ in aqueous perchlorate solutions 
(42). They stated that this proved the existence of a quasi-
aoiecular entity consisting of the rare earth ion and its 
hydrated shell. 
Walrafen reported that large effects are caused by Cl-
cn the libraticnal and hindered translaticnal spectra of 
water (107, 109, 114). These changes supposedly indicated 
that the 0-H Cl" bends were less polar than the 0—K 0 
bends. Also he asserted that the depolarization ratios of 
these bands confirmed that the O—K CI- units were nearly 
linear. 
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He associated principal effects of CI- on the stretching 
frequencies of water with the hydration of the Cl- ion (111). 
The integrated intensity of the stretching band increased, 
but no separate resolvable peaks occurred (115, 118). Thus 
it was suggested, as already indicated above, that the hydro­
gen bond energy was similar for both oxygen and C1-. 
Wyss and Falk reported that for one mole of NaCl in 
eleven moles of water having a small fraction of HDO, the 
infrared spectrum shewed an increase in peak intensity, de­
crease in half width and an upward shift in frequency for the 
CD stretching frequency (118). They expected these band pa­
rameters to vary alacst linearly with sclute concentration. 
Otherwise they observed no new features in the IR spectrum of 
HDO. Since no new bands are resolved, they felt that the 
O—H Cl~ groups must have a distribution of frequencies sim­
ilar to that of 0—H 0 groups. This w as taken to mean that 
no distinct hydration sphere existed in aqueous solutions of 
NaCl. 
In a Raman spectral study that included nearly saturated 
solutions of KCl, HgCl , ZnCl , BeCl , SnCl , CuCl , AlCl , 
2 2 2 2 2 3 
laClg and PrCl^, Wall and Hornig reported that no evidence 
for water of hydration appeared (104). They observed no 
satellites, and no band distortion or broadening produced by 
these ions is apparent. In their estimate, this placed a 
limit on the duration, extent and strength of the ion water 
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interaction. Further, for different potassium halides, the 
ftequericy of the OD stretching band increased in the order 
< H2O < Cl~ < Br— < I-. They felt, like Wyss and Falk, 
that this demonstrated that the anions were affecting the 
frequency of water rather than changing the relative popula­
tions of water molecules associated with a few species in the 
liquid. 
Adams, Blandaaer, Symons and Waddington compared the two 
aniens, CIC^- and BF^—, that made distinct resolvable 
stretching bands (1). There was a slight but definite dif­
ference between the two newly formed bands. They believed 
that this indicated that the new bands were due to an anion 
effect on the stretching frequency of water and were not due 
to water molecules that have become non-hydrcgen bonded. 
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EXEEBIMENT&L INVESTIGATION 
Equipment 
For the sajority of the Raman experiments reported here, 
a Spectra-Physics model 165 argon ion laser with an 
advertised power output of four watts was used as an excita­
tion source. This laser was provided with a prism at the 
rear of the laser cavity to permit discrete selection of any 
of nine argon laser frequencies which are in the blue and 
green region of the spectrum. The band width for any of 
these frequencies operating in the TEM node was about 
oo 
0.2 cm-i (5 X 109 hertz). The laser came with a power 
stabilizer that maintained a constant laser output to within 
0.5%. For most of the work reported here, the 488.0 nm laser 
line was used at a power of 1.5 watts. Some of the early 
work recorded for water was done on an older argon laser 
(Spectra-Physics model 140) using the 514.5 nm laser lir.e at 
a power of about 0.9 watts. For both of these lasers, the 
emerging beam was vertically polarized and was directed in a 
horizontal plane.i 
Following the laser was a mount for a 90° polarization 
rotator (a quartz half-wave plate). By taking spectral data 
with and without this optical component, Saman spectral data 
iSee Fig. 1 for schematic of equipment. 
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was obtained for two polarizations.* In order to ascertain 
that the rotator worked and was properly oriented, it was 
tested with the aid of a polarizer. When the optical rotator 
was inserted into the optical path of the system, the laser 
power was increased so that there still was 1.5 watts of 
laser power entering the Raman sample chamber. This was 
verified by an independent laser power meter. 
In the Baman sample compartment, which was constructed 
at this laboratory, the laser beam was first deflected to a 
vertical path so that it was parallel to the entrance slit of 
the moncchromator. Then it was focused by an anti-reflection 
coated lens which had a focal length of 3.0 cm. This bi­
convex lens was designed for minimum spherical aberration so 
as to give a nearly diffraction-limited focus. With this 
lens the diameter of the laser beao in the sample was approx­
imately 50 microns over a distance of a couple of 
millimeters. X-Y-Z adjustments were provided for this lens. 
The liguid samples were contained in a one milliliter 
cylindrical guartz silica cell obtained from Spex which was 
mounted in one of their sample holders. The laser beam 
passed along the axis of the cell. 
iCardaaone, Hunt and Stevens verified that there was 
only one depolarization ratio for pure liquids far from their 
critical temperature, and hence there were only two indepen­
dent polarizations of the scattered light (17). 
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Scattered light from the sample was collected by a three 
inch non-reflection coated lens at right angles to the laser 
beam. The leas was located so that it magnified its object 
by a factor of four and focused the image on the slit jaws of 
the aoncchromator. The aperture of this lens approximately 
matched the acceptance solid angle of the monochromator, 
which was about 0.014. All cf these optical arrangements 
were designed to achieve optimum illumination geometry (3, U, 
91) . 
At the entrance to the monochroaator, a short G Ian-
Thompson polarizer with anti-reflection coatings was 
positioned. Normally, this was kept in a fixed orientation 
and the polarization rotator described earlier was consist­
ently used tc obtain the two polarizations of the Raman 
spectra of a solution. It was verified that siailar results 
placed in the laser team) and the polarizer rotated 90° be­
tween measurements or the polarizer kept fixed and the 
rotator inserted between measurements- The latter procedure 
was followed for these experiments for sake of simplicity. 
The polarizer was aligned in the mount by reflecting the 
laser beam through it into the monochromator to the electron­
ic detection systes and obtaining a null. When the optic 
axis of the polarizer was perpendicular to the electric 
vector cf the laser ream, then the intensity of the 
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transmitted light was three orders of magnitude less than 
when they were parallel. As an additional test, the 
depolarization ratio was determined for the 450 cm—i line of 
CCl^. A value of 0.C076±0.0005 was obtained, which compared 
favorably with values of 0.0C39-Û.0075 given in the litera­
ture (71, 90) . 
Immediately following the polarizer and aounted on the 
entrance slit of the aonochromator was a wide band filter 
(50C-65C nm) which was chosen to be opaque outside of the 
spectral region in which Raman data was taken. 
The dispersing element used in this Raman system was a 
Spex 1400 double grating aonochromator. Both gratings were 
ruled with 600 grooves per millimeter and were blazed at 
1.6 microns. These gratings were used in third order for 
all of the experiments reported here. Because of the use of 
relatively narrow spectral region investigated. 
The radiation emerging from the exit slit of the 
monochroaa tor was focused onto the cathode of an ITT F'4-130 
photcaultiplier tube which had an S-20 frequency response. 
This was a specially selected tube which had a photon dark 
current of about 130 counts per second at 22^0 when operated 
at 1900 volts. Although this dark current could be reduced 
by an crder of magnitude when the tube has cooled to O^C, it 
was sufficient to use the tube at roos temperature for the 
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experiments reported here. Power was supplied to this tube 
by a Keithley model 246 high voltage power supply. 
Output from the photonultiplier tube was passed through 
an r-f decoupler intc the preamplifier-discriminator of an 
SSR 1100 series photcn counter system. The tube, its socket, 
the r-f decoupler and the preamplifier-discriminator were 
shielded by an aluoicus housing which was grounded. The 
ratemeter was used in its digital mode to operate a CMC model 
707 BS frequency-period electronic counter. The counting 
system was able to respond linearly to the random pulses from 
the photcmultiplier tube up to about 500,000 counts per sec­
ond, rates more than an order of magnitude greater than maxi­
mum readings taken for data. This was determined by compar­
ing the digital readings with simultaneous analogue readings. 
The electronic counter was the first element in the system 
that wen» ncn— 
Calibration 
A neon lamp was used to wavelength calibrate the 
aoncchrcmator, using 26 of the neon emission lines listed by 
leader (63). The calibration was made before, during and 
after the experiments were conducted, a total of six times 
ever the entire frequency range of interest. The systematic 
difference between the initial and final checks was about 
1 cm-I, and the repeatability for consecutive calibrations 
was 0.5 cm—I. The entrance slits were adjusted to a width of 
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200 microns, which corresponded to the diameter of the laser 
beam image. The intermediate and exit slits were opened to 
400 microns. With these slitwidths, the effective half-width 
frequency band-pass of the monochromator for a fixed grating 
position in the spectral region of interest was about 
17 cm—1 or less.i Bhen this is convoluted with a spectral 
band having a half-width of 150 cm-i cr acre, the effect on 
the observed band is negligible (38, 52, 53). So the ob­
served spectral band is a very good approximation to the real 
band shape for the data in this report. 
The intensity response versus frequency of the entire 
system froa sample location tc counter was calibrated using a 
tungsten ribbon filament lamp which was temperature 
calibrated in a 8641 Mark I Precision Automatic Optical 
Pyrometer {Leeds and Northrup). The filament of this bulb 
was located gt the sample position and operated at a tempera­
ture of 2666±20°K. Since only relative Baman intensities 
were sought, it was permissible to reduce the slitwidths of 
the monochrcmatcr so that the detected spectral intensity of 
the standard lamp was compatible with the detection system. 
1Cf course, for fixed slitwidths the band-pass was a 
function of Eonochrosator setting, as shewn in Fig. 2. But 
since the moncchroaator was intensity calibrated with fixed 
slicwidt&s, The relative intensities across the entire spec­
tral band ought to be correct. 
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Fig. 2. The effective spectral half-width of the 
sonochrosator as a function of the Raaar. shift for 
A) the 488.0 na and B) the 514.5 nrr. exciting laser 
lines and with the zcr.ochrorator entrance slit set 
at 200-^ and the exit slit at UOOy. 
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Calibration was done four times before Saoan data was taken, 
once in the midst of data collection and three times at the 
conclusion of the runs. There were no systematic differences 
apparent among the separate calibration scans, and the aver­
age standard deviations for the intensities taken at 58 dif­
ferent frequencies in the spectral region of interest vas 
0.33 in counting units, where the detected intensity of the 
spectra of the lamp ranged from UO to 70 in the same units.i 
The actual relative intensity of the standard lamp as a 
function of frequency was calculated from the equation 
I ( v )  = Ke (v) v^exp (-1-438v/T) 
where the constant K was chosen so that the magnitude of the 
calculated intensity was comparable to the experimental in­
tensity in the frequency range of interest, values for the 
emissivity, c(v ), which takes into account the fact that the 
lan-p was net 2 hlach-bcdy, usrs obtained fros deVos (25), 
V was the frequency in ca—i and T was the temperature in 
Kelvin units. Corrections for the absorption of the glass 
envelope were approximately constant over the snail range of 
spectral frequency scanned in these experiments. Hence, this 
effect was included in the constant K. The relative error in 
iCne counting unit was equivalent to 1000 counts per 
second on the electronic counter- In these units, the dark 
current of the photciultiplier tube was 0.13. 
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the calibrated intensity due to the error associated with the 
filament temperature was negligible. 
Solutions 
Stock rare earth solutions were prepared from highly 
purified rare earth oxides obtained from the rare earth sepa­
ration group of the Ames Laboratory of the U. s. Atonic Ener­
gy Commission. These oxides were estimated to contain no 
more than 0,08% rare earth impurities, and other inorganic 
impurities were less than O.G4% of the total content. 
Slightly insufficient acid was added to the dry oxides, and 
the excess oxide was removed by filtering the solutions 
through a fine sintered glass filter. These stock solutions 
were then adjusted to their eguivalence pH by adding dilute 
acid. Then they were heated for several hours to dissolve 
any remaining oxy-chloride or colloidal oxide. After the so-
pH, and again the solutions were heated for several hours. 
This procedure was repeated until the stock solutions main­
tained their eguivalence pH. The concentrations of the stock 
solutions were determined by EDTA and chloride analysis. So­
lutions made from these stock solutions were prepared by 
weighing various amounts of the stock solution into stoppered 
flasks. From the amount of stock solution weighed out the 
proper amount of H^O and D^O needed to obtain the desired 
sclvezt fixture was ceterained and weighed into each flask. 
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All weights were corrected to vacuum. From the corrected 
weights of the stock solution, H2O and D^O in each flask the 
concentration of rare earth salt per mole of solvent mixture 
was calculated for each solution. 
Solutions in which 95% of the water was 0 were pre­
pared from anhydrous rare earth chlorides. Under a dry 
helium atmosphere appropriate amounts of anhydrous salts were 
placed in previously weighed stoppered flasks and then 
weighed. Then the appropriate amounts of H 0 and D 0 were 
2 2 
weighed into the stoppered flasks to obtain the desired 
solvent mixture. From the weights corrected to vacuum, the 
concentrations of the clear solutions of the rare earth 
chlorides were determined. lo ensure that no suspended mate­
rials were still present, each solution was pressure filtered 
through a 25 ap Millipore filter directly into the sample 
cell which was subsequently capped with 9 quartz flat; 
The deuterium oxide used in making these solutions was 
obtained from J. T. Baker Chemical Company and was reported 
tc have a minimum 99.75% atom per cent D2O. This estimate 
was consistent with the observed Raman intensity of the OK 
spectrum made of a sample taken directly from the bottle. 
All of the normal water used was conductivity water which had 
a specific conductance of less than 1x10-* mho per cm. 
From simple probability considerations of water or solu­
tions in which 5% of the water is D^O, 95% of the D^O is con­
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verted to HCC by exchange with H^O. Hence, at equilibrium, 
9.5% of the water will be HDC, 0.25% will be D^O and the 
remaining 90.25% will be H2O. The resulting equilibrium con­
stant will be 4.00. Of the KDO, 66.34% will have normal 
water molecules for its four nearest neighbors. The 
remaining HDO's will have one or more HDO's or D^O's among 
its four nearest neighbors. There is a 90.25% chance that an 
H^O will be bonded tc the OD unit of the HDO molecule. All 
of this assumes the chemical identity of hydrogen and 
deuterium, i. e. that no selective properties exist. Identi­
cal consideration would be true for OH units of HDO where 95% 
of the water is D^O* 
However, Bonner stated that the equilibrium constant for 
H^O + D O 2HD0 
was 3.80 at 25°C (13). Using cnis for a sample of water, 
95% of which is and the regaining 5S is DgiG, calculations 
show that at equilibrium about 94.76% of the D^O reacts with 
H^O to form HDO. 
2 
Kalrafen reported that for 3.1 K and 6.2 M D2O in H2C 
and 2.8 H and 6.5 M H2O in D2O the Raman frequencies of the 
maximum intensities and the relative intensities across the 
CZ or CH stretching rand were essentially the same which in­
dicated that intermolecular interactions as well as 
intramolecular couplings were negligible (114). However, 
Ford and Falx noted that the half-widths for their infrared 
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ice spectra of 0.3% KDO in D^O and 0.5% HDO in 0 was 
measurably narrower than similar work which had involved 
5-10% KCO in water (32, 10, 41). They interpreted this to 
mean that in water with 5% or more of D2O, HDO coupled vibra­
tions were affecting the spectra measurements. 
Unless noted otherwise, in all solutions used in the ez-
pericents reported here, about 5% of the total water (by num­
ber of moles) was D^C or H^O for the study of the OD and OH 
stretching frequencies respectively. 
There is a marked visual difference in the OD and OH 
stretching band contours (114). While it is felt that the 
substitution of D for H affects the properties of water very 
little (102), the smaller dissociation constant, greater 
viscosity, heat capacity, melting point and temperature of 
maximum density indicate that the hydrogen bonds are slightly 
strcnger for oeuteriu? than fcr normal ïater (19, 22, '-12, 1:6, 
50, 19, 87, 100, 102). So, heavy water is commonly regarded 
as being more structured than normal water. It was felt that 
the overall effect of deuterium substitution could be due to 
two effects: 1) Contraction of the 0-0 bond length due to an 
increase in dipole moment and 2) The zero point energy dif­
ference causing an expansion of the 0-0 distances (102). 
Vinogradov and Linnell stated that at 0-0 distance of about 
2.7 i these effects should be equal and cancel each other. 
The expansion ten was expected tc predominate at shorter 
U1 
bond lengths, and the contraction term should dominate at 
longer bend lengths leading to s shortening and strengthening 
of the hydrogen bond when deuterium was substituted. Since 
liquid water has an average 0-0 distance greater than 2.8 & 
(73), the above analysis would also indicate that deuterium 
ought to have stronger hydrogen bonds than normal water. 
Pros a consideration of the difference between the apparent 
activation energy for deuterium and normal water and from gas 
electron diffraction techniques, it was suggested that the 
energy difference in the two hydrogen bonds was 0.27-0.30 
Kcal mole-I (2, 33, 65, 102). Generally, the OD stretching 
vibration is studied in preference to the OH frequency be­
cause of the difficulty in maintaining a constant low concen­
tration of H2O in D20 (14) . 
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DATA 
Baman data was obtained for the OD stretching spectral 
band of water and sijc concentrations of aqueous solutions of 
laCl_, GdCl^ and LuCl in which 5% of the water was D 0. The 
3 3 3 2 
six concentrations of the rare earth salt solutions were ap­
proximately 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 molal. For com­
parison, Baman data was also obtained fcr the OH stretching 
frequency of water and aqueous GdCl^, having similar concen­
trations as indicated above, in which 95S of the water was 
D2O. The temperature of these solutions was allowed to come 
to equilibrium with the thermostated room which was, when 
data was taken, kept at 22o±1oc. A thermocouple used in sev­
eral test solutions verified that the temperature of the so­
lution in the laser team was less than 0.5°C above room 
temperature. The solution obtained its equilibrium tempera­
ture within several oinutes after the laser vas turned en. 
Measurements and Error Analysis 
Intensity readings were taken fcr bcth polarizations at 
frequency intervals cf 10 cm-i. The electronic counter was 
activated for ten seconds at each frequency for each scan, 
for the CD stretching frequency, the spectral region was 
scanned from 2150 cm-i to 28C0 cm-i. Fcr the OH stretching 
frequencies scans were made from 3050 cm-i to 3800 cm-i. 
Scans were made for each concentration two or more times. 
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Both the OD and OH spectral bands are superimposed on a 
finite background. For the solutions in which 5% of the 
water was D^O, it was assumed that the background could be 
approximated in the CD spectral region by the spectrum of so­
lutions of the same concentration made with 100% HO. Like-
2 
wise, fcr solutions in which 9536 of the water was D 0, solu-
2 
tions made entirely with deuterated water were used to ap­
proximate the background in the spectral region of the OH 
band. Evident in the spectrum of H^O in the low frequency 
region cf the OD stretching vibration is the high frequency 
side of the combination band. The tail cf the H^O stretching 
2 
band is apparent in the high frequency region of the OD 
stretching band. The spectra of D^ 0 in the spectral region 
cf the CH stretching vibration is essentially flat except for 
the tail of the D^O tand on the low frequency side of the 
TIlô 2 Zî u «c y ^  & ccCa ^ O IT COnSôCu^x.7^ 
runs of the same undisturbed solution normally varied less 
than 1 %. However, the integrated intensities of separate 
runs of two different samples of the same solution were dif­
ferent on the average by approximately 2.5%. Since compari­
sons were to be made of relative intensities, the integrated 
intensity for the several scans of a solution were normalized 
to a common value (normally the averaged integrated intensi­
ty) , then averaged and a variance obtained for the intensity 
at each frequency. à similar procedure was followed for cor-
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responding background scans. These intensities were then 
ccnverted into intensities per mole of D„0 for solutions 
2 
which were used for spectral scans of the OD stretching fre­
quency and to intensities per mole of H^C for solutions that 
were used for the OH frequency studies. 
The corrected relative oclar intensity of the spectrum 
at each frequency was then determined by the relation 
1= (B-B) L/SL 
where at each frequency 
I - the corrected relative molar intensity of the 
Raman band 
B - the experimental molar band intensity 
E - experimental background readings 
L - the calculated lamp intensity 
SL - the observed standard lamp intensity.i 
The variance associated with the corrected relative molar in­
tensity of the Raman spectral band at each frequency was ob­
tained from the relation 
G2(I) = [L/SL]2 {a2 (R) + ^2(8) + [ [ B-B ]/SL a (SL) } 
where at each Raman frequency 
0(I) - the standard deviation cf the corrected molar 
intensity at each frequency 
a(H) - the standard deviation the experimental molar 
intensity of the band 
iSee Fiq. 4 for the ratio, L/SL. 
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a (E) - the standard deviation cf the experimental 
background data 
c (SL) - the standard deviation cf the experimental 
standard lamp intensity = 0.33 as explained 
earlier. 
à term associated with the error in the calculated lamp in­
tensity, a (1), was neglected since this error was several 
orders of magnitude smaller than the above terms, as indicat­
ed earlier. a 2(1) is subsequently referred to as the "esti­
mated variance", and a ( I )  is called the "estimated standard 
dev iation". 
Also, at the same time, all observed Raman frequencies 
were corrected to freguencies in vacuum, using tables and 
eguation #5 in Loader (63). See also reference (97). 
After these calibrations, corrections and calculations 
of estimated variances were completed, the data was entered 
into a non-linear least-sguares fitting routine to obtain a 
suitable weighted fit of the data to an analytic function 
(37, 80). The analytic functions used were a combination of 
two or more Gaussian or skewed-Gaussian functions of the form 
A = I exp(-Uln(2) (v'v ; Gaussian 
0 0 
5 = I exp (-itln (2) (v-v ) ^ /{L-s {v-x) ))^)\ skewed-Gaussian 
0 0 0 
where 
Ig is the maximum value of the Gaussian 
is the peak, position in units of cr-i 
A is the half-width in units of cm-i 
s is the unitless skewing parameter. 
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The parameters associated with each Gaussian were adjusted 
to obtain a least-square fit. A factor multiplying the back­
ground was also used as a parameter in the fitting procedure. 
This adjustment was permitted because of the fact that the 
collection efficiency for separate runs differed with a stan­
dard deviation of about 2.5%. And it was also a recognition 
cf the fact that the data used for the background was an ap­
proximation to the correct background. The final parameters 
of the least-squares Gaussian fits were used to determine the 
total integrated intensity under the spectral band. 
Indépendant of the least-squares fit routine, this 
computer program was also designed to calculate the frequency 
of the experiaental peat intensity of the data by taking nu­
merical derivaties, using a convolution procedure described 
by Savitzky and Golay (88), and interpolating to find the 
frequency for -hich the deri'.ative was equal to zero. Then, 
also by interpolating, the magnitude cf the peak intensity 
was obtained which was used to find the width of the experi­
mental spectral band at half aaximua intensity - commonly 
called the half-width. 
The reduced chi-square statistic was utilized to indi­
cate if the analytic function suitably fit the data (11). If 
the variance between the data and the least-squares 
functional fit is called the "calculated variance", then the 
reduced chi-square can be described as the ratio of the cal-
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culated variance to the weighted average of the estiaated 
variances. If the analytic fit to the data is suitable, this 
ratio should be about one- For values of chi-sguare much 
larger than one it is probable that the chosen function does 
not fit within the noise level of the experimental data and 
is not descriptive of the data. When the ratio is much less 
than one, then this say be evidence that the function is 
accommodating itself to noise in the data as well as fitting 
the data. Tables are given in standard statistical texts 
that assign percentage probabilities to values of chi-sguare 
for different numbers of data measurements (11). 
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RESULTS 
Spectral data associated with the isotropic and aniso­
tropic Hainan tensors^ were separately obtained for both the 
OD and OH stretching vibrations of HDO in water and aqueous 
rare earth chloride solutions, the water content of which was 
predominantly H^O or D 0 respectively. This data is subse-
6 2 
quently referred to as belonging to the isotropic or aniso­
tropic OD or OH bands. Unless stated otherwise, the 
predominant species of water comprises about 9 5% of the total 
number of water molecules used in preparing the sample. 
Often a sample will te referred to as H 0-5*D 0, LaCl -5%C 0 
2 2 3 2 
or GdCl^-SSH^O, where the approximate mole per cent of the 
lesser water species is used to identify the water content of 
the solution.2 Except for some of the isotropic OD band of 
the water samples, all of the data was taken with the 
U88.0 na argon ion laser line used as the Raman ercitaticr: 
source. 
The standard deviations and the error bars of band in­
tensities and depolarization ratios at each frequency are the 
iSee page 9. 
^Naturally, as explained 
equilibrium is achieved among 
Œolecules, zest cf the lesser 
become participating component 
in a previous section, when 
the H2O, D2O and resulting HDO 
molecular species will react to 
s in HDO molecules. 
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estimated! standard deviations of the mean values of the data 
at that frequency. These estimated standard deviations of 
the mean are determined by dividing the estimated standard 
deviations ot the data by the square-root of the number of 
data averaged. By contrast, the error bars and standard de­
viations listed with all of the peak intensities, half-widths 
and integrated intensities are strictly a measure of the es­
timated standard deviation of the data from the average. Of 
course, all of these standard deviations do not account for 
systematic errors that may exist. Tne fitting of the back­
ground to the spectral band data is expected to be the 
largest source of systematic deviations. However, the main 
features and analysis of the data in this report were largely 
insensitive to small adjustments of the background. 
another cause of undetermined variance could be the ex-
chanae of D^O with atmospheric This -as especially a 
problem with solutions in which all cr most of the water was 
D^O. But the fact that the analysis of this data was con­
sistent with that for solutions in which 5% of the water was 
C^O indicates that this problem did not hide features of 
interest. There was no apparent change with time in the 
ilhe estimated standard deviations, determined from a 
finite cumber of aeasureaents, is to be contrasted with the 
standard deviation resulting from an infinite number of meas­
urements . 
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water composition of solutions in which 5% of the water was 
C-O. 
Also, different indices of refraction for the different 
solution concentrations could have had systematic effects on 
the amount of the Bazan light scattered into the acceptance 
solid angle of the monochroaator. However, when the laser 
beam in the sample was casually viewed through a low power 
microscope, there was no evidence of any observable change in 
beam diameter or focus for different concentrations of the 
solution. 
Water 
Isotropic PC band. 
The average corrected intensities of the scans of this 
band along with the expected standard deviations of the aver­
ages are tabulated in Table 1. In the first column of this 
table are the wave numbers, corrected to vaines in vacau2,- to 
be associated with the Baman shifts. The second column has 
the average intensity, at each of sixty-six Raman displace­
ments, of six scans made with the 488.0 no laser line. The 
calculated position of the peak intensity is 2519.2±0.7 cm-i, 
and the half-width of this band is 183.6±0.7 cm-i. This data 
was compared with the averages of nine scans of the same CD 
stretching vibration but excited by the 514.5 nm argon laser 
line. With the integrated intensity normalized to that of 
the above data, these intensities are listed in the fourth 
Table 1. Average intensities of the OD stretching frequencies of 
the isotropic and anistropic spectrum of HDO in water 
using the 480.0 nn (B) and 514.5 nm (G) laser line. 
Polarization 
C M "  1  
2146. 6 
2156.6 
2166.6 
2176. () 
2106.6 
2196.6 
2206.6 
2 2 1 6 . 6  
2 2 2 6 . 6  
2236.6 
2246.6 
2256.6 
2 2 6 6 . 6  
2 276.5 
2286.5 
2296.5 
2 306.5 
2316.5 
2326.5 
2336.5 
2346.5 
2356.5 
2366.5 
2376.5 
2386.5 
2396.5 
5%(B) 
~Int 
1.9 
2. 9 
3.9 
4.3 
5.7 
7.2 
8.3 
10.3 
11.8  
14.0 
15.6 
19.1 
2 1 . 1  
24.5 
2 8 . 2  
3 3.0 
37.9 
44.8 
51.3 
60.5 
70.4 
82.7 
95.8 
114. 1 
135.6 
161.3 
SD 
0.4 
0.5 
0.4 
0 . 6  
0.3 
0. 4 
0.3 
0.4 
0.4 
0. 3 
0.4 
0.4 
0. 3 
0.4 
0.4 
0.4 
0.4 
0.4 
0. 5 
0 . 6  
0. 5 
0.7 
0 . 8  
0 . 8  
0.9 
1 .  1  
5*(G) 
"int 
2.3 
4.8 
4. 1 
4.5 
6.3 
6.7 
8.9 
1 0 . 2  
1 2 . 2  
13.5 
15.6 
1 8 . 1  
2 0 . 6  
24.8 
2 8 . 6  
33.5 
37. 1 
43.9 
50.3 
59.8 
68.7 
83.3 
96.5 
114.5 
135. 5 
161.9 
SD 
1.3 
0.4 
0. 5 
0.9 
1 . 0  
1.1 
0 . 6  
0 . 6  
0.5 
0. 3 
0.7 
0.7 
0.4 
0.7 
0.4 
0.5 
1 .0  
0.3 
0. 5 
0.7 
1.4 
0 . 6  
0 . 8  
1 . 1  
1.0 
1.3 
Isotropic 
Diff 
-0.5 
- 1 . 8  
- 0 .  2  
-0.2 
- 0 . 6  
0.4 
- 0 . 6  
0 . 2  
-0.4 
0.5 
0 .  1  
1 . 0  
0.5 
-0.3 
-0.3 
-0.5 
0 . 8  
0.9 
1.0 
0 . 6  
1.7 
- 0 . 6  
-0.7 
-0, 3 
0 .  2  
-0.5 
3*(G) 10% (G) 
Anisotropic 
5*(B) 
Diff Diff 
- 0 . 6  
13.7 
-0.7 
1 2 . 2  -0.4 12. 5 
13. 4 15.6 
14.8 14. 8 
18.  1  19.7 - 0 . 6  
20.4 21.3 - 0 . 2  
24.8 -0.3 
- 0 . 8  29. 1 27. 9 
33.8 - 0 .  8  35.0 
38.6 37.6 
44.6 43.2 
55.0 50. 5 
64. 1 61 .  1 -0.6 
73. 3 64. 8 
89.3 01.4 
105.9 -10.  1 93. 3 
126.9 - 1 2 . 8  109.7 
150.7 -15.0 126. 5 
1 8 0 .  2  - 1 8 . 8  152.2 
Int 
0 . 6  
0. 5 
0.7 
0. 5 
0.7.1 . 6  
2 . 0  
1. 5 
2 .  0  
2. 1 
2. 3 
3. 1 
3.5 
3. 8 
4. 1 
4. 9 
5.6 
6. 3 
7. 1 
8 . 0  
9.0 
10. 4 
1 2 .  0  
13. 8 
16 .  1  
18. 8 
SD 
0 . 2  
0 .1  
0 
0 
0 
0 ,  
0 
0 .  
0 ,  
0 . 0  
0 . 2  
0 ,  
0 ,  
0 ,  
0 ,  
0 ,  
0 ,  
0 ,  
0 . 1  
0 . 2  
0 . 2  
0 . 1  
0 . 2  
0 . 2  
0 . 2  
0.3 
Table 1 (continued). 
Polarization : 
Isotropic Anisotropic 
5X(R) 5%(G) 3*(G) 10% (G) 5*(B) 
cm- 1 Int SD Int SD Diff int Diff Int Diff Int SD 
2406. 5 191.6 1.2 193.6 1.1 -2.0 185. 3 6.3 213.8 -22. 2 22. 3 0.2 
2416. 5 229.0 1.4 231.2 1. 3 -2. 2 221. 1 7.9 254.2 -25.2 26.0 0.3 
2426. 5 272. 1 2, 3 272.3 1.7 — 0.2 259. 1 13.0 295.9 -23.8 30.8 0.4 
2436. 5 322.3 2. 3 317.7 1.7 4.7 302. 5 19.8 336. 1 -13.8 36.4 0.2 
2446. 5 377. 1 2. 6 370.3 1.8 6. 8 357. 0 20. 1 391.9 -14.8 42.6 0.4 
2456. 4 432.5 2.8 430. 2 2.4 2. 4 417. 9 14.6 443.7 -11.2 48.7 0.4 
2466. 4 486.9 3.2 486.6 2.6 0.3 474. 7 12.2 498. 3 -11.4 54.9 0.7 
2476. 4 535.6 3.4 539. 7 2.8 -4. 0 527. 8 7.8 550.7 -15. 1 61.4 0.6 
2486. 4 581.3 3. 5 586.3 3. 2 -5.0 584. 6 -3.3 589.7 -8.4 67. 0 0.5 
2496. 4 618.2 3. 4 620. 9 3. 3 -2.7 621. 8 -3.6 619.4 -1.2 71.2 0.5 
2506. 4 643. 2 3. 6 644.7 3.4 -1.5 656. 9 -13.8 637. 2 5.9 75. 5 0.4 
2516. 4 652.5 3. 6 652.7 3.6 -0.2 662. 7 -10.2 639.9 12.6 77.6 0.5 
2526. 4 649.8 3. 5 65).0 3.4 -0.2 655. 9 -6.1 630.7 19. 1 77. 5 0.6 
2536. 4 634 .8 3.5 635. 2 3. 2 -0. 4 641. 7 — 6.8 609.4 25.4 75.5 0.6 
2546. 4 605. 1 3. 3 609.7 3.2 — 4.6 614. 1 -9.0 585.7 19.4 73.0 0.5 
2556. 4 569.0 3.4 573.9 3.0 -4.9 584. 1 -15. 1 548.6 20.4 68.5 0.6 
2566. 4 531.9 3. 1 539.7 3.6 -7.8 544. 4 -12.5 512.2 19.7 64.0 0.4 
2576. 4 494. 3 3.0 494.5 2.6 -0.2 499. 9 -5.6 472.6 21.7 58.5 0.5 
2586. 4 453. 1 2.7 4 52.2 2.9 1.0 455. 9 -2.7 431.0 22. 1 53.8 0.4 
2596. 4 412.9 2.4 409.4 2.2 3.5 409. 8 3.1 390.8 22. 1 47.7 0.4 
2606. 4 375.5 2. 4 372. 1 2.0 3.5 378. 6 -3.0 351.5 24.0 42.8 0.3 
2616. 4 340.9 2.0 337. 8 2.0 3. 1 340. 4 0.5 319.7 21.1 37.7 0.3 
2626. 4 310.3 2. 1 308. 8 1.8 1.4 307. 4 2.9 293.9 16.3 33. 4 0.3 
2636. 3 282.0 1.9 282.3 1.6 -0.3 281. 4 0.6 269. 3 12.7 29. 1 0.2 
2646. 3 256. 5 1.6 2 57.6 1.8 -1.1 256. 4 0.0 244.0 12.4 25. 3 0.2 
2656. 3 232.0 1.6 233.2 1,3 -1.3 238. 8 -6.8 217.9 14.1 22.5 0.3 
2666. 3 205.2 1.4 207.8 1.2 -2.6 211. 0 -5.8 197.0 0.2 19. 3 0.3 
Table 1 (continued). 
Polarization ; 
Isotropic Anisotropic 
5X(B) 5*(G) 3%(G) 10% (G) 5X(B) 
c*-l Int SI) Int SD Diff int Diff Int Diff Int SD 
2676. 3 174.0 1.4 177. 3 1.0 -3.3 177. 5 -3.4 166.8 7.3 16. 8 0.2 
2686. 3 140.2 1,. 2 139. 1 1.0 1 . 1 139. 8 0.3 131.8 8.4 14. 6 0.1 
2696. 3 107.0 0.9 103.7 0.8 3. 3 103. 3 3.7 96.8 10.2 12. 2 0.2 
2706. 3 78. 2 0.7 76.7 0.7 1.4 78. 7 -0.6 70.5 7. 6 10. 1 0.3 
2716. 3 57.0 0.6 57. 3 2. 1 -0.3 63. 5 -6.5 54.5 2.5 8. 3 0.2 
2726. 3 41.8 0.6 42.5 2.2 -0.7 44. 7 -2.9 38.4 3.4 7. 1 0.2 
2736. 3 30.2 0.6 31.5 0.5 -1.4 34. 2 -4.1 28.7 1.5 6. 1 0.1 
2746. 3 21. 2 0. 5 22.0 0.5 -0.9 26. 6 -5.4 18.6 2.6 5. 2 0.1 
2756 . 3 14.5 0.6 15. 3 2.0 -0.9 21. 0 -6.5 12.7 1.8 4. 7 0.2 
2766. 3 9.5 0.6 9.5 0.9 0.1 11. 3 -1.8 6.6 3.0 4. 3 0.2 
2776. 3 6.3 0.6 6.6 2.7 -0. 2 8. 5 -2.2 4.4 2.0 3. 7 0.2 
2786. 3 4.4 0. 7 4.9 1.0 -0.5 8. 6 -4.2 3.1 1.4 3. 3 0.2 
2796. 3 1.9 0.6 1.3 1.5 0.6 2. 0 -0.1 0.1 1.8 3. 0 0.2 
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column. The resulting peak position is 2518.8±1.2 cm-i; the 
half-width is 181.7±1.4 cm-i. Differences between these two 
data sets, listed in the sixth column, demonstrate that there 
are no systematic variations and that their intensities at 
each Baman shift are generally within experimental error. 
This indicates that there are no apparent systematic errors 
in the intensity or frequency calibration of the 
monochrcaator. The slightly larger deviations belonging to 
the data taken with the 514.5 nm laser line are attributed to 
the smaller intensities obtained at the longer wave lengths 
due to the dependence of the Raman scattering efficiency on 
the fourth power of the frequency of the exciting light and 
to the reduced quantum efficiency of the photomultiplier tube 
in the red part of the spectrum. The slightly narrower half-
width of the spectral band excited by the green laser light 
may well be due to experimental error. On the other hand,- it 
may be partly due to the smaller spectral slit width of the 
monochrcaator at longer wavelengths as shown in Fig. 2. 
One and two scans respectively were made of water 
samples, 3% and 10% of which were D^O. Taken with the 
514.5 nm laser line also, their integrated intensities are 
normalized to the ccirmcn value of the previous data and re­
corded in the seventh and ninth columns. The variations be­
tween these intensities and that of the 5% D^O data of the 
fourth column are listed in the eigth and tenth columns. 
57 
Systematic discrepancies are apparent which indicate that the 
presence of 0 and the effects due to coupled OD oscillators 
are still making small contributions to the band intensities 
in the 5% solutions. In spite of these small contributions, 
all of the remaining data was taken of solutions in which the 
lesser water species represented about 5% of the total water, 
in order to obtain a suitable signal to noise ratio across 
the entire band. It is felt that the accuracy thus gained 
merits the compromise. While the shapes of the resulting 
bands are perhaps slightly different than for the pure HDO 
spectrum, it is expected that this will have negligible 
effect on the relative differences of the spectrum for dif­
ferent concentrations of aguecus rare earth chlorides. 
Dsing a non-linear least-squares routine, attempts were 
made to obtain analytic fits to the isotropic data using pri-
fits were not obtained with less than a set of four normal 
Gaussians or a set of three sJcewed-Gaussians. While only one 
set of four Gaussians and one set of three skewed-Gaussians 
yield fits with chi-sguare less than or equal to one, there 
were other coœbinaticns of Gaussian curves with completely 
different sets of parameters which gave fits with chi-square 
less than two. Visually these appeared to be good fits. In 
addition, a fair fit, with chi-sguare about two, was obtained 
with a set of three product functions (72). Therefore it 
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appears that nothing more than curve fitting equations have 
been obtained, and unless some physical theory provides suf­
ficient criterion for determining an equation, all such 
results are meaningless. 
Interestingly enough, when the component peak positions 
and half-widths of four Gaussians were kept constant at 
values reported by Walrafen (116), poor fits to this 
isotropic data were obtained. It is not known if he correct­
ed his intensity readings for the response efficiency of his 
instrument or if he used a polarizer. In order to check if 
the latter was the only difference between his data and that 
reported here, the isotropic and anisotropic data (discussed 
next) were added at each frequency and the corresponding 
standard deviations determined. Again the resulting band 
differed from the spectrum calculated using his parameters. 
The average difference was about an order of zagcitude largsr 
than the estimated average standard deviation for this data. 
So it appears that the ability to fit the water band 
with a combination of a few standard functions is not suffi­
cient by itself to determine the number of so-called species 
in water. 
Anisotropic OP band. 
Four scans were made of this band, and the data are 
listed in the eleventh column of Table 1. The corresponding 
estimated standard deviations of the averages are in the last 
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column. This band has a peak position at 2521.6±1.6 cm-i and 
a half-width of 174.3±1.2 cm~i. 
Smooth curves drawn through the data for the isotropic 
and anisotropic intensities of the OD stretching vibration 
are superimposed in Fig. 5. The depolarization ratio is 
plotted at the top of the same figure. The calculated 
depolarization ratio of 0.119±0.Ou 1, near the position of the 
peak intensities of the spectra, compares with a value of 
0.13 given by Cunningham (20). This ratio dips to a value of 
0.096±0.002 near 2666 cm—i for the measurements reported 
here. Hence, the depolarization ratio is not constant across 
the OD band, as Cunningham cautiously suggested. 
Isotropic and anisotropic OH band. 
Averages of these data are tabulated in Table 2 along 
with their expected standard deviations.i The position of 
intensity for the iôctropic apecczua, which is the 
average of seven scans, is 3431.9±1.35 cm-i. For the aniso­
tropic spectrum (average of six scans) the position of peak 
intensity is 3422.2±2.8 cm—i. The half-widths are 
296.2±2.4 cm—1 and 265.5±2.4 cm-i respectively. The intensi­
ties of these two polarizations are graphed in Fig. 6. 
iTbe 0.25% H2O in the scans 
in the spectral scans to be used 
corrected for both polarizations 
for the 5% and 0.25% scans to 0% 
of 99.75% D2O was apparent 
for background. This was 
by extrapolating the data 
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Fig. 5. Intensities of the isotropic and anisotropic Raman 
bands of the OD stretching vibration of HDO in 
water. At the top is the corresponding 
depolarization ratio. 
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Table 2. Average intensities of the OH stretching freguencies 
of the isotropic and anisotropic spectrum of HDO in 
water. 
Polarization: Isotropic Anisotropic 
cm—1 Int SD Int SD 
3046.1 5.1 0.4 -0.0 0.4 
3056.1 5.4 0.3 0. 2 0. 4 
3066.1 6.8 0.4 0.8 0. 4 
3076.1 7.7 0. 2 0.9 0.3 
3086.1 9.8 0.3 1.1 0. 3 
3096.1 10.6 0. 5 1. 1 0. 3 
3106. 1 12.7 0.5 1.9 0.2 
31 16. 1 14. 1 0. 3 1.8 0. 4 
3126. 1 16.6 0.3 2.8 0. 4 
3136.1 19.5 0. 3 3. 1 0. 2 
3146.1 22.1 0.4 3.6 0. 2 
3156.1 25.5 0.4 4.4 0. 3 
3166.1 29.3 0.4 5.3 0. 4 
3176.0 33. 3 0. 3 6. 0 0. 2 
3186.0 38.2 0.4 6.7 0.2 
3196.0 42.8 0.4 7.7 0.2 
3206.0 49.0 0.4 8.9 0.2 
3216.0 55.5 0.6 10. 3 0. 3 
3226.0 63.0 0.6 11.4 0.2 
3236.0 71.7 0.5 13. 2 0.2 
3246.0 81 .0 0.6 14.7 0.2 
5256.0 91.4 0. 7 16. 8 0.2 
3266.0 103.8 0.7 18.7 0.3 
3276.0 117.0 0. 8 21.2 0.2 
3286.0 131.4 0.7 23.5 0.3 
3296.0 145. 1 0. 8 26. 1 0. 3 
3306.0 160.5 0.9 28.9 0.2 
3316.0 176. 4 1.0 31.5 0.4 
3326.0 194.1 1.1 34.9 0.3 
3336.0 211.0 1.1 37.7 0.3 
3346.0 227.2 1.2 40.9 0. 3 
3355.9 243.7 1.3 44. 3 0. 4 
3365.9 260. 1 1.4 46. 4 0.4 
3375.9 273. 7 1.5 48. 9 0.4 
3385.9 285.8 1.6 51 . 2 0. 3 
3395.9 295. 9 1.6 52. 1 0.5 
3405.9 302.6 1.7 53.8 0.4 
3415.9 307. 2 1.6 55.0 0. 4 
3425.9 309. 8 1 . 6 54.6 0. 5 
3435.9 310.6 1.6 54. 4 0. 3 
3445.9 307.7 1.6 53. 1 0.4 
3455.9 303. 2 1.6 52.7 0.4 
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Table 2 (continued). 
Polarization: Isotropic Anisotropic 
cm—1 Int SD Int SD 
3465.9 296.5 1.6 50. 8 0. 4 
3U75.9 288.5 1.5 49.4 0.5 
3485.9 278. 3 1.6 46.9 0.4 
3495.9 267.6 1.7 45.2 0.4 
3505.9 256. 9 1.5 42.7 0.4 
3515.9 244.1 1.4 40.1 0.3 
3525.9 232. 0 1.3 37. 6 0.3 
3535.8 219.6 1.2 34.9 0.3 
3545.8 208. 1 1. 2 32. 3 0. 3 
3555.8 195.6 1.2 30.4 0. 4 
3565.8 185.9 1.2 27.6 0. 2 
3575.8 175. % 1.1 25.5 0.3 
3585.8 166.5 1.0 23. 2 0. 3 
3595.8 157.7 1.0 21.8 0. 3 
3605.8 148.8 1. 1 19.6 0. 2 
3615.8 138.6 1.0 17.9 0.3 
3625.8 128.0 0.8 15.7 0.2 
3635.8 114.2 0.7 13.4 0. 2 
3645.8 95. 1 0.6 10. 8 0. 2 
3655.8 74.6 0.5 8.6 0.2 
3665.8 55.0 0.4 7. 1 0. 1 
3675.8 39.4 0.4 5.6 0. 2 
3685.8 27.8 0.4 4. 2 0. 2 
3695.8 20.2 0.4 2.9 0. 1 
3705.8 13. 8 0. 2 2. 6 0. 2 
3715.8 9.9 0.3 1.5 0. 1 
3725.8 7.4 0. 3 1.3 0. 2 
3735.7 5.6 0.2 1.4 0.2 
3745.7 4. 2 0.2 1.1 0. 2 
3755.7 3.4 0.2 0.8 0. 2 
3765.7 2. 4 0. 2 0. 8 0. 2 
3775.7 2.4 0.2 0. 9 0. 3 
3785.7 2. 2 0. 1 0. 6 0. 2 
3795.7 1.6 0. 2 0.6 0. 2 
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Fig. 6. Intensities of the isotropic and anisotropic Raman 
bands of the OH stretching vibration of HDO in 
water. The corresponding depolarization ratio is at 
the top. 
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As expected, these bands are much broader and have dif­
ferent relative shapes than the corresponding OD spectral 
bands. Surprisingly though, the integrated, intensity for the 
isotropic OH band is about 29% less than for the OD band. 
Under the anisotropic bands, the integrated intensities are 
similar for both of the isotopes. 
The depolarization ratio near the peak intensities for 
the OH spectral band is 0.176±0.002, a larger value than that 
for the OD vibration. However, Fig. 6 shows that this ratio 
for the OH band as a function of wave number has a similar 
shape to that exhibited in Fig. 5 for the OD vibration. A 
minimum of 0.114±0.002 occurs for the depolarization ratio of 
the OH band at 3646 cm—The similarity of the shape of the 
depolarization ratios for the two isotopes verifies that this 
ratio is not constant across the OD or OH spectral band of 
HDO. This will be seen to be consistently true for all of 
the solution data discussed next. 
Rare Earth Chloride Solutions 
Data similar to that obtained for water was aquired for 
bcth polarizations of the OD and OH stretching vibrations of 
KDO in aqueous solutions of GdCl^ at six concentrations and 
for the OD stretching vibration of HDO in aqueous solutions 
of LaCl^ and LuCl^ at five concentrations each, A linear 
growth in integrated intensity with increasing molality for 
all solutions was characteristic of both polarizations of the 
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OH and CD spectral bands. This is exhibited in figs. 7 and 8 
along with estimated error bars and the linear least-squares 
fits. The linear equations are generally within experimental 
errors of the integrated intensity data, and the scatter 
about them is apparently random. These facts were assumed to 
justify a renormalization of the integrated intensities of 
all the spectral data to the appropriate least-squares values 
to facilitate the comparison of the changes in spectral fea­
tures with changes in concentration. The average intensities 
at each frequency, including all of the previously discussed 
water data, have been recorded after this renormalization had 
been done.i The fact that the slope for the equation ob­
tained for the OH spectra is steeper than that for the OD 
band is a surprise as is the small integrated intensity of 
the OH band in water when compared with the OD band. 
laCl--5* D^O. 
J ^ 
The isotropic intensities for these solutions are 
supplied in Table 3. The 0.50, 1.00 and 2.52 molal concen­
trations were scanned three times each and averaged, the 1.51 
molal solution five times and the most concentrated solution 
six times. 
1 Recall that all intensities given, in fact are directly 
proportional to the intensities per number of OD or OH 
oscillators. 
Table 3. Average intensities of the OD stretching frequencies of the 
isotropic spectrum of LaCl3-5%D20. 
molality 0. 500 1.1 000 1. 503 2.515 3.003 
cra-^ Int~ SD Int~ SD Int~ SD Int SD Int SD 
2 146.6 2.0 0.6 3.5 0.9 4.3 0.6 5.0 1.7 4.0 0.6 
2156.6 3.7 0.4 4. 8 1.2 5.4 1. 1 7.7 1.5 5.2 1.0 
2166.6 3.9 0.5 5.6 1.0 6.9 0.7 7. 1 1.1 6.3 1.0 
2176.6 4. 1 0.7 7. 2 1.0 5.8 0.9 8.4 1.1 7.4 0.8 
2106.6 5.8 0.7 8.6 0.6 8.3 0.6 9.9 0.6 9.0 0.6 
2196.6 6.6 0.8 10. 1 0.6 10. 3 1.2 11.2 0.9 11.1 0.7 
2206.6 8.8 0.8 12.4 0.2 12.6 1.0 12.4 0.8 11.7 0.7 
2216.6 11.7 0.6 15. 1 0.4 14.0 1. 1 14.3 1. 1 15.0 0.6 
2226.6 12.8 0. 6 17. 2 0.8 16.6 0.6 17.8 1.8 18.4 0. 6 
2236.6 14.7 0. 2 17.9 0.4 18.4 0.5 22.7 1.7 21.2 0.7 
2246.6 16.4 0.9 20. 4 0.6 21.7 0.4 24.3 1.7 24.9 0.7 
2256.6 20.3 0.4 23.6 0.7 24.0 0.5 25. 1 1.6 27.7 0.5 
2266.6 23.0 0.3 27. 0 0.6 27.7 0.5 28.9 1.9 32.0 0.9 
2276.5 27. 6 0.4 31.0 0.4 31.6 0.4 32.8 2.3 36.4 1.0 
2 286.5 31.0 0.5 35.0 0.6 36.7 0.6 38.6 2.2 43.0 1.1 
2296.5 35. 1 0.8 40.9 1.1 41.3 0.7 45.3 1.2 49.9 1.0 
2306.5 41.0 0.6 45. 2 0.5 46.4 1. 1 53.5 0.8 57.5 0.9 
2316.5 47. 5 0.6 52.4 0.6 55.2 0. 8 62.5 1.6 67.6 0. 8 
2326.5 56.2 0.6 61.6 0.8 65.2 0.7 72.2 0.8 78. 1 0.9 
2336.5 65.8 0.6 71.7 0.9 76.1 0.8 82.5 1.0 90.4 1.2 
2346.5 76.6 0.5 82.4 0.8 88.9 0. 8 97. 1 1.5 105.9 1.0 
2356.5 88.5 0.9 94.5 1.2 103.6 1.0 115.0 1.2 122.7 1.4 
2366.5 104.0 0.7 111.3 1.4 118.6 1.0 134.6 1.2 141.0 1.4 
2376.5 122.4 1.0 130. 4 0.9 139.6 1.1 156.4 1.7 164.5 1.4 
2386.5 144. 0 0.9 152. 6 1.2 163.8 1.2 181.8 1.7 191.6 1.6 
2396.5 170.3 1.2 178.9 1.0 190.4 1.3 210.0 1.3 221. 1 1.5 
2406.5 201.6 1.2 208. 4 1.6 222. 3 1.7 243. 2 1.6 256.7 1.8 
2416.5 237.2 1.7 242. 5 '1.5 258.9 1.6 282.4 2.0 298. 1 1.8 
Table 3 (continued). 
molality 0. 500 1 .1 000 1. 
cm- 1 Int SD Int SD int 
2U26.5 280.0 1.8 283. 6 •1.7 300.9 
2436.5 326.4 1.8 3 30. 2 1.9 346.9 
2 ^ ^ 6 . 5 379.7 2. 2 382. 5 2.1 399.8 
2456.a 433.2 2. 5 435. 4 2.9 453.0 
2466.4 485.2 3. 1 488. 4 2.9 505.7 
2476.4 534.3 3.0 537. 8 :i. 2 558.2 
2406.4 502.2 3.3 586. 8 3.2 610.0 
2496.4 623.8 3.6 632. 1 :i.7 656.1 
2506.4 653.9 3.7 663. 3 :i.7 692.4 
2516.4 667.7 3.8 686. 5 3.9 715.5 
2526.4 675.5 4.0 695. 6 3.8 726.5 
2536.4 662.6 3.8 688. 8 3.8 718.1 
2546.4 640.6 3.5 667. 3 4.0 697.8 
2556.4 606. 6 3.3 632. 3 3.4 660.8 
2566.4 566.3 3.2 594. 2 3. 2 615.4 
2576.4 524. 8 2.8 550. 6 3.1 572. 1 
2586.4 481. 1 2.7 503. 4 2.8 520.2 
2596.4 436.9 2. 3 457. 2 2.5 469.5 
2606.4 397.7 2, 2 412. 0 2. 3 420.4 
2616.4 356.4 2.4 372. 5 2.0 375.6 
2626.4 321.7 1.8 333. 1 1.8 334.0 
2636.3 291.4 1.7 299. 4 2.0 297.0 
2646.3 261.5 1.6 264. 5 1.6 260. 3 
2656.3 233.0 1. 4 23 1. 0 2.1 222.8 
2666.3 201.4 1.2 195. 2 2.2 184.3 
2676.3 165.9 1.1 159. 6 1.6 148.3 
2606.3 131.6 0. 9 126. 8 0.8 114.0 
2696.3 99.8 0.7 97. 0 0.6 86.3 
2706.3 73.2 1. 1 72. 2 0.9 65.0 
2.515 3.003 
SD Int SD Int SD 
2.2 326.2 2.1 344.9 2. 3 
2.2 376.2 2.4 400.2 2.5 
2.2 432.7 2.8 457.3 2.8 
2.7 490.8 2.9 518.8 2.9 
3.0 545.6 3.3 577.9 3. 3 
3. 1 601. 1 3.4 631.6 3.7 
3.5 658.0 3.8 607. 1 3.9 
3.7 710.0 3.9 732.8 4.0 
3.9 746.6 4.5 766.1 4.2 
3.9 769.9 4.4 785.0 4. 3 
3. 9 775.0 4.2 787.8 4.3 
4. 0 763.8 4.4 774. 1 4. 4 
3.9 739. 1 4.3 743.5 4.0 
3.7 698.0 4.2 699.0 3.9 
3.4 649.6 3.5 653.1 3.7 
3. 1 602.2 3.2 602.9 3. 3 
3.0 548.5 3.1 549.0 3. 1 
2.8 493. 1 3.0 495.6 3. 1 
2. 3 442. 2 2.8 442.7 2.5 
2. 1 392.9 2.4 393. 1 2. 2 
2. 1 346. 3 2.2 345.5 1.9 
1.8 299. 1 2.0 298.5 1.9 
1.6 254. 1 2.0 252. 1 1.9 
1.5 211.8 2.2 207.5 1.5 
1.3 169.9 1.9 164.8 1.2 
1.6 132.0 1.7 128.8 1. 1 
1.6 101.2 1.9 101.1 1.0 
1.2 78.2 2. 1 77.9 1.1 
1. 3 58.8 1.4 59.2 1. 1 
Table 3 (continued). 
molality 0. 500 1.000 1. 50 3 2.515 3.003 
CQ-l Int SD Int SD Int SD Int SD Int SD 
27 16. 3 55.6 0.9 52.7 ).5 48.6 0.9 44.7 1.3 46.9 1.0 
2726.3 41.0 1. 1 39.7 ).7 36. 1 1.2 34.9 1.2 35.7 1.0 
2736.3 31.2 0. 9 27.9 ). 3 26.1 0.9 25.6 1.8 28. 3 0.9 
2746.3 21.9 0.8 21.4 ).4 18.2 0.4 18.0 1.9 23.0 0.9 
2756.3 14.8 0.7 15.4 ).5 14.1 0.7 13.3 1.5 18. 1 1.0 
2766.3 10.2 0. 8 9.8 ).6 9.4 0.7 10.0 1.6 14.2 1.2 
277 6.3 7.7 0.7 6.9 ).8 6.7 0.8 6.5 1.0 12. 1 1.5 
2786.3 4.8 0.4 5. 3 ). 2 5. 1 0. 8 5.5 1.8 10.3 1.6 
2796.3 3. 3 0. 5 3.4 ).8 3.9 0. 5 4.8 1.4 10.0 1.6 
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Averages of the anisotropic intensities are tabulated in 
Table 4. The data for the first two concentrations are the 
results of two scans each, and the remaining concentrations 
were scanned three times eacb.i 
GdClg-SXCgO and SXH^O. 
Gadolinium was the only one of the three salts for which 
scans were made of both the CD and OH bands. The results for 
the isotropic spectrum of the OD vibration, which are the av­
erages of five scans made for each concentration, are listed 
in Table 5. The corresponding data for the anisotropic 
spectrum, averaged from two scans of each concentration, are 
tabulated in Table 6-2 Likewise, the averages of three scans 
for each concentration are listed in Table 7 for the 
isotropic OK spectrui. Except for the most concentrated so­
lution for which three scans were made, two data sets for 
each of the concentrations were averaged for the anisotropic 
iScans were made only of five concentrations of 
laClg-SXCpO, and no cata were discarded in the preparation of 
these Tables. 
zThe resembling small backgrounds used for the aniso­
tropic laci- and LuCl- data were used for the anisotropic 
GdClg-SXDgO bands. 
Table 4. Average intensities of l.he OD stretching frequencies of the 
anisotropic spectrum of LaCl^-SXD^O. 
molality 0.500 1.000 1.503 2.515 3.003 
cm- 1 Int SD Int SD Int SD Int SD Int SD 
2146.6 0.9 0. 5 -0.8 0.7 1.8 1.8 0.4 1.4 0.9 2.7 
2156.6 0.7 0. 6 -1.4 0.5 2.9 1.3 -0.4 1.2 0.2 2.0 
2166.6 0. 9 0. 5 -1.3 0.5 3. 4 1.6 0.3 1.0 0.8 1.3 
2176. 6 0.8 0. 4 0.6 0.2 2.2 1.2 -0.5 1. 1 1.5 0.9 
2186.6 1.4 0. 3 1. 1 0.6 1.2 0.9 0.3 0.7 1.3 1.5 
2196. 6 1. 1 0. 1 1.5 0.3 1.6 0.7 0.9 0.7 2.8 1.5 
2206.6 1.2 0.9 0.7 0. 3 0. 1 0. 9 1.2 0.6 5.9 2.1 
2216.6 2.4 1.0 -0.1 0.7 0.6 0.9 3. 2 1. 1 2.6 1.1 
2226.6 2. 1 0. 3 1.0 0.4 3.2 1.4 4.1 1.2 5.2 1.3 
2236.6 2.8 0.4 1. 1 0.3 5.6 1.2 4.2 1.5 5. 1 1.9 
2 246.6 3.2 0. 3 1 . 7 0.7 4.8 1.2 6.2 1.0 7.2 2. 4 
2256.6 3.6 0. 1 2.5 0.8 4„5 0. 9 4.2 1.1 7.3 2. 6 
2266.6 3.4 0. 5 2.9 0.7 6.5 0. 4 5.5 1.3 8.9 2. 2 
2 276.5 3.5 0. 6 3. 6 0.8 7.5 0. 9 6.4 0.7 9.4 1.3 
2286.5 5. 1 0.4 5.2 1 . 1 8.2 0. 8 7.9 0.4 11.6 1.1 
2296.5 6.0 0.7 6.2 1.3 8.3 1.0 7.5 0.9 11.1 0.9 
2306.5 6.3 0.3 7.6 0.6 8.9 2. 1 9.2 1.8 12.8 1. 1 
2316.5 6.7 0. 5 7.7 0.6 11.3 1.0 10.9 1.2 13.7 1.8 
2326.5 8.0 0.3 10.2 1 . 1 11.4 0.7 14.4 0.8 16.5 0. 8 
2336.5 10.2 0. 2 11.4 1. 3 13.9 1.0 16. 1 0.7 19.4 0.7 
2346.5 10.8 0. 5 12.7 0.7 16.1 0.6 19.9 0.6 22.8 0.6 
2356.5 13.3 0.4 14.7 0.5 18.3 0. 2 23.0 0.7 27.1 0.6 
2366.5 14. 1 0.4 17.2 0.6 21.8 0. 5 25.6 1.9 31.0 0.6 
2376.5 17. 1 0. 2 20. 5 1.1 24.3 0.5 31 . 1 1.7 36.2 1.4 
2386.5 19.8 0. 6 23.7 1.3 27.7 0.6 36.9 1. 1 43.8 1.4 
2396.5 23. 1 0.4 28. 2 1.5 33.8 0.7 43. 1 0.9 52. 3 1.4 
2406.5 27.6 0.3 32. 3 0.7 39.9 0. 8 50.8 0.7 60.4 1.4 
2416.5 31.9 0.4 37. 1 0. 3 45.9 0.6 60. 3 1.3 70.2 1. 3 
Tabic U (continued). 
molality 0.500 
c m -1 I nt SD 
2426. 5 37.7 0, 5 
2436. 5 43.5 0.5 
2446. 5 50.4 0.9 
2456. 4 57. 3 0.4 
2466. 4 64.7 0.5 
2476. 4 72. 1 0. 4 
2486. 4 78.3 0.6 
2496. 4 85.8 1.4 
2506. 4 89.9 0.5 
2516. 4 94.8 1.0 
2526. 4 95. 5 0.7 
2 536. 4 94.0 0.6 
2546. 4 90.6 0.5 
2556. 4 86.2 0.5 
2566. 4 79.6 0.7 
2576. 4 70.8 0.6 
2586. 4 63.8 0. 9 
2596. 4 56.0 1.0 
2606. 4 48.6 1.2 
2616. 4 41.5 0. 3 
26 26. 4 36. 1 0. 3 
2636. 3 31.7 0.6 
2646. 3 27. 0 0.4 
2656. 3 23.4 0. 3 
2666. 3 19.7 0.8 
2676. 3 16.9 0. 2 
2686. 3 14. 1 0.2 
2696. 3 12. 1 0. 2 
2706. 3 9.4 0.2 
1.000 
Int SD 
42. 4 0.5 
49. 4 0.4 
58. 3 1.5 
67. 3 0.8 
75. 9 0.6 
84. 0 0.9 
93. 1 0.7 
100. 2 0.7 
105. 6 0.7 
111. 5 0.9 
113. 7 0.8 
111. 3 0.9 
106. 8 0.8 
101. 5 1.0 
93. 4 0.7 
84. 0 0.6 
75. 0 1.2 
65. 2 1. 1 
56. 6 0.3 
48. 2 0.4 
42. 1 0.4 
36. 2 1.2 
30. 8 1.0 
26. 7 0.9 
22. 0 0.6 
18. 7 0.7 
15. 4 0.7 
12. 6 0.2 
10. 5 0.3 
2.515 
SD 
1.9 69.6 1.7 
1.4 79.8 2.0 
0. 9 93.2 1.9 
0. 8 106.7 1.8 
0.8 119.7 1.7 
1. 1 132.4 1.8 
1.2 146.5 1.2 
1. 5 154.8 1.5 
1.3 160.5 1.3 
1. 1 164.7 1.5 
0.8 162. 3 1.2 
1.3 157.3 1.0 
1.0 149.6 1. 1 
1.0 135.9 1.2 
0.8 122.8 1.8 
1. 1 108.9 1.0 
0.9 95.2 0.9 
1.2 80.4 0.8 
1.6 68.0 0. 5 
1.7 56.0 1.3 
0.8 47.6 1.0 
0. 8 39.2 0.9 
0.6 31.7 1.0 
1.0 26. 1 1.1 
1.0 22. 5 1.0 
0. 8 17.0 1.8 
0. 9 13.9 1.8 
1.0 11.2 1.1 
1.0 9.5 0.6 
3.003 
80.9 1.1 
93.3 1.7 
109.4 1.8 
126.2 2.1 
139.7 1.9 
151.9 1.5 
167.3 1.5 
176.3 1.2 
182.0 l.U 
182.9 1.4 
181.5 1.2 
173.6 1.2 
162.0 1.5 
146.4 1.6 
132.7 1.7 
115.4 1.5 
101.0 1 .8  
84.4 1.6 
70.4 1.1 
59.1 1.3 
48.3 0.8 
38.4 0.5 
30. 2 0.7 
24.3 1.6 
19.5 1.5 
15.8 1.4 
13.5 1.3 
1 0 . 2  0 . 8  
7.2 1.2 
Table 4 (continued), 
molality 0.500 
cn~ 1 Int SD 
2716.3 7.7 0.5 
27 26.3 6.U 0. 1 
2736.3 5.7 0. 3 
27U6.3 a. 7 0. 1 
2756.3 3.7 0.4 
2766.3 3.0 0.2 
2776.3 3. 2 0. 4 
2786.3 3.a 0.6 
2796.3 3.0 0.4 
1. 000  
Int SD 
9. 5 0.4 
8. 0 0.3 
7. 0 0.7 
6. 6 0.8 
5. 4 0.8 
4. 5 0.0 
4. 2 0.2 
4. 7 0.5 
4. 1 0.5 
1.503 2.515 3.003 
Int SD 
7.5 0. 5 8.4 0.5 5.3 0.6 
6.4 1.0 7.7 0.3 4.3 0.6 
5. 2 0. 9 6.2 0.7 3. 1 1.2 
3.8 0. 8 6.3 0.8 4.0 1.2 
2.9 1.0 5.6 0.7 2.8 1.7 
2.7 0.8 3.7 0.6 2.9 2. 1 
1.5 1.0 3. 3 0.3 1.8 2.2 
1.4 1.9 4.0 0.5 1.7 1.5 
2. 1 0.7 4.9 0.5 1.4 2.0 
Table 5. Average intensities of the OD stretching frequencies of the 
isotropic spectrum of GdCl^-SXDgO. 
molality 0.445 0.974 1.523 2.149 2.549 3.192 
cm-i Int SD Int SD Int SD Int SD Int SD Int SD 
2146.6 3.4 0.8 4.0 0.6 4.7 0.5 2. 1 0.7 2.8 0. 7 2.1 1.4 
2156.6 3.6 0.6 4.8 0.4 6.2 0.5 5.7 0.5 3.7 0. 6 3.3 1.1 
2166.6 5.1 0.7 5. 1 0.6 7.8 0.5 5.9 0.5 3.9 0. 5 4.2 1.0 
2176.6 5.0 0.6 7.4 0.3 8.8 0.5 8.6 0.4 6.8 0. 5 8.0 1.1 
2186.6 6.7 0.8 8.7 0.7 9.8 0.4 9.6 0.5 7.0 0. 4 8.7 1.0 
2196.6 8.0 0.5 9.6 0.4 12.2 0.5 10.3 0.8 10.0 1. 1 11.0 0.4 
2206.6 9.8 0.7 11.2 0.5 14.4 1.3 13. 1 0.6 12.3 0. 6 14.0 0.8 
2216.6 12.6 0. 3 14. 1 0.8 16.6 1.8 17.4 1.3 14.7 0. 5 15.6 0.6 
2226.6 14.2 0. 4 17.5 1.2 19.8 0. 3 20.6 1.2 19. 1 0. 8 20.0 1.2 
2236.6 16.1 0. 4 18.6 0.6 22.7 0.6 23.7 0.9 20.0 0. 5 22.7 0.9 
2246.6 18.3 0.7 22. 5 0.4 26.4 0.8 26.6 0.4 25.2 0. 4 28.0 0.6 
2256.6 21.0 0. 3 24.8 0.3 29.4 0.5 29.8 0.9 29. 1 0. 9 53.2 0.5 
2266.6 24,3 0.2 28.7 0.3 3 3. 1 0.6 35.4 0.7 36.4 0. 7 38.8 1.2 
2276.5 27. 2 0.5 33.8 0.5 38.5 0.6 41.7 0.9 41.3 0. 4 44.9 0.7 
2286.5 32.0 0. 3 38.6 0.4 43.5 1.1 48. 3 1.4 47.9 0. 6 54.6 0.5 
2296.5 37.0 0.6 44.5 0.4 50.4 0.8 55.7 1.0 57.9 0. 5 62.7 0.6 
2306.5 43.8 1.0 51.6 0.7 59.5 0.7 65.0 0.6 66.5 0. 7 72.7 0.9 
2316.5 50.2 1.0 60.8 0.5 66.6 0.5 75. 1 1.0 78.7 0. 6 86.9 1.1 
2326.5 57.4 0.9 68.8 0.5 78.4 0.6 87.1 1.4 90. 1 0. 9 101.4 1.5 
2336.5 68.2 0.6 79.2 0.8 90.3 1.0 101.2 1.5 106.5 0. 8 117.0 0.8 
2346.5 78.8 0.6 91.7 0.6 103.0 0.9 114.5 1. 1 122.8 1. 3 135.5 1.1 
2356.5 92.5 0. 7 105.4 0.9 117.9 0.9 133.2 0.9 141.4 1. 0 155.9 1.1 
2 366.5 108.7 1.0 121.8 0.9 135.5 1.1 151.6 1.2 161.0 0. 9 177.6 1.3 
2376.5 125. 9 1.2 141.5 1.3 157.3 1.1 173.2 1.8 185.5 1. 2 204.4 1.3 
2386.5 148. 1 1.2 162. 6 1.3 180.0 1.4 199.7 1.2 212.4 1. 5 235.8 1.9 
2396.5 175.5 1. 1 188.1 1.4 205.6 1.6 226.9 1.7 243.0 1. 5 268.6 1.7 
2406.5 204.9 1.4 219. 1 1.4 236.4 1.9 256.8 1.6 27 3.2 1. 8 304.2 2.0 
2416.5 24 0.7 1.9 251.3 1.6 267.5 2. 1 291.4 1.7 310.8 2. 4 345.0 2.0 
Table 5 (continued). 
molality 0.445 0.974 1. 523 
cm"* Int SD Int SD Int SD 
2426. 5 282.9 2. 1 290. 4 2.0 308. 4 1 . 9 
2436. Î) 328.0 2. 4 335. 6 2.1 351. 1 2. 2 
2446. 5 380.6 2. 3 387. 6 2. 7 400. 1 2. 6 
2456. U 43 1.8 2. 7 4 36. 2 2.5 449. 7 3 . 2 
2466. 4 483.7 2. 7 4 88. 8 3. 3 500. 3 3. 2 
2476. 4 535.3 3. 2 539. 4 3. 2 551 . 4 3 . 7 
2406. 4 583.2 3. 7 586. 2 3.5 599. 9 3. 6 
2496. 4 622.[ 3. 8 627. 3 3.6 642. 3 3. 8 
2506. 4 64 9.8 3. 8 6 59. 8 3.8 677. 3 4. 0 
2516. 4 667. 9 3. 7 681 . 7 3.9 702. 1 4. 1 
2526. 4 67 1.3 3. 7 689. 6 3.8 7 10. 6 3. 8 
2536. 4 659.7 3. 7 6 82. 2 3.9 707. 2 4. 0 
2 546. 4 636.8 3. 7 6 62 . 0 3.7 685. 5 3. 9 
2556. U 601.3 3. 2 6 28. 1 3.7 652. 1 3. 8 
2566. 4 561 .3 3. 2 588. 2 3.2 607. 7 3. 7 
2576. 4 520.9 2. 9 543. 0 3.0 562. 5 3. 3 
2586. 4 477. 2 2. 7 495. 6 3.0 512. 7 3 . 0 
2596. 4 429.7 2. 5 448. 1 2.8 459. 7 2. 8 
2606. 4 386. 8 2. 3 402. 1 2.5 411. 9 2. 7 
2616. 4 347.4 1. 9 360. 8 2. 4 365. 2 2. 4 
2626. 4 314.6 1. 8 321 . 4 2.5 324. 0 2. 3 
2636. 3 283 .5 1. 9 286. 9 1.9 286. 3 1. 9 
2646. 3 254.6 1. 8 254. 9 2.2 249. 4 2 . 1 
2656. 3 227.3 1. 4 222. 2 1.6 215. 4 1. 5 
2666. 3 196.7 1 . 3 190. 4 1. 1 179. 7 1 . 3 
2676. 3 164.6 1. 0 156. 8 1.4 145. 4 1. 1 
2606. 3 131.9 n. 9 124. 9 1.0 113. 2 0. 8 
2696. 3 99.3 0. 9 94. 2 0.7 86. 7 0. 8 
2706. 3 72.2 0. 7 69. 8 0.4 64. 0 1 . 3 
2. 149 2.549 3. 192 
Int SD Int 
33 2.7 2. 1 351. 
376.3 2. 4 397. 
425.7 2. 7 450. 
480.0 2. 8 50 0. 
530. 7 3. 6 555. 
580.2 3. 6 60 5. 
628. 1 3. 5 653. 
669.8 3. 9 692. 
704.3 3. 9 725. 
725. 8 4. 1 742. 
7 3 3.9 4. 0 74 7. 
723.8 4. 1 736. 
700. 5 4 . 0 710. 
662.6 3. 7 670. 
621.0 3. 6 624. 
57 1.3 3. 5 580. 
520.0 3. 0 526. 
468. 3 2. 9 471 . 
413.3 2. 4 418. 
369.2 2. 2 36 8. 
325. 6 2. 1 32 3. 
283. 1 1. 7 281 . 
244. 3 1. 3 24 1. 
207.5 1. 2 203. 
170.7 1 . 1 165. 
135.7 1. 0 129. 
106.7 1. 0 102. 
82.6 0. 9 79. 
62.4 1. 2 60. 
SD Int SD 
2. 3 390.8 2.5 
2. 5 443.6 3.8 
2. 6 495.9 3.5 
3. 4 550.8 3.4 
3. 3 600.8 3.5 
3. 7 645.8 3.7 
3. R 69 1.0 4.4 
3. 8 726.1 4.3 
4. 3 750.9 4.3 
4. 2 762.0 4. 3 
4. 1 759.1 4.3 
4. 2 742.2 4.5 
3. 9 710.1 4.5 
3. 8 669.7 3.8 
3. 6 623.8 3.5 
3. 5 575. 1 3.3 
3. 5 521.0 3.1 
3. 0 467.7 2.8 
2. 3 414.4 2.5 
2. 6 36 3 .7 2.2 
1 . 8 317.8 2. 2 
1. 8 27 3.2 1.8 
1. 6 23 3.6 1.5 
1 . 4 191.4 1.3 
1. 0 154.9 1.2 
0. 7 122.4 1.5 
0. 7 94.3 0.9 
0. 7 73.4 0.7 
0. 7 55.6 1.3 
1 
9 
a 
U 
2 
5 
2 
1 
5 
0 
4 
7 
3 
7 
9 
2 
3 
1 
4 
8 
7 
3 
0 
0 
0 
6 
6 
0 
2 
Table 5 (continued). 
molality 0.44 t5 0. 974 1. 523 2. 149 2.' 549 3. 192 
cm- 1 Int SD Int SD I nt SD Int SD Int SD Int SD 
2716. 3 53.3 0.7 51.5 0.9 47.7 0.9 48.4 0.6 44.7 0.7 43.0 0.8 
2726.3 3 8.6 0.7 38. 1 0.5 36. 3 1.2 35.7 0.9 34.5 0.4 32.6 0.7 
2736.3 27.6 0. 6 28.4 0.8 25.2 1.7 28.2 0.8 25. 3 0. 3 25.6 1.0 
2746.3 19.2 0.8 20. 3 0. 8 17. 3 2.0 21.3 1.4 19.4 0.6 17.6 1.0 
2756.3 13.8 0. 6 14.3 0.5 11.6 2.0 15.7 1.3 14.6 0. 4 14.4 0.8 
2766.3 10.0 0.2 10.9 0.2 8.7 2.0 9.2 0.9 11.5 1.0 10.3 0.8 
2776.3 5.8 0. 5 7.3 1.2 6.5 0.4 8.3 1.5 8.7 0.4 7.4 1.0 
2786.3 4.9 0.6 5.6 0.6 3.8 0.5 6.5 0.9 6.3 0,7 6.1 0.7 
2796.3 2.6 0.5 4.4 0.9 4.7 0.7 7.2 1.6 5.4 0.7 5.9 0.7 
-J 
Table 6. Average intensities of the OD stretching frequencies of the 
anisotropic spectrum of GdCl2-5%D20. 
sola 1Lty 0.' 1145 0.' 974 1. 523 2. 149 2.549 3. 192 
cm- 1 Int SI) Int SD Int SD Int SD Int SD Int SD 
21U6.6 0.6 0. 3 0.5 0.6 2.5 1.0 7.7 1.0 7.1 3.9 10.2 2.8 
2156.6 0.7 0.3 1.1 0.6 2.7 0.7 7. 3 0. 2 5.7 4.7 9.5 1.9 
2166.6 0.5 0.4 0.4 0.6 3. 3 1.0 7.8 0.5 6.9 4.6 9.3 1.2 
2176.6 0.3 0. 3 0.4 0.2 2.2 1.1 7. 1 0.4 6.3 4.9 7.9 1.1 
2106.6 1.0 0.3 0.6 0.5 2.0 1.7 8.0 0.4 6.0 4.4 8.5 1.5 
2196.6 0.8 0. 5 0.7 0.3 1.3 2.0 8.5 0.3 6.2 3.6 9.0 1.6 
2206.6 0.7 0.1 1.3 0.6 0.9 2.2 7.6 0. 3 6.9 3.8 13.6 2.0 
2216.6 1.8 0. 1 1.7 1.2 2.0 2.3 7.9 1.0 7.4 2.7 11.4 1.0 
2226.6 1.8 0.5 2.0 0.9 3.5 1.4 8.2 0.3 8.3 2. 1 14.1 0.7 
2216.6 1.9 0.4 3.1 0.8 3.8 0.5 8.7 0.8 10.0 1.4 14.7 1.6 
2246.6 2.9 0.8 3.3 0.9 5. 1 0.7 9. 2 0.7 10.6 0.7 18.0 1.3 
2256.6 3.6 0. 3 4.1 0.9 5.2 1.1 9.5 0.7 9.7 1. 1 18.6 1.8 
2266.6 3.5 0. 3 4.9 0.7 6. 0 0.4 11.1 0.7 10. 1 0.4 20.9 1.5 
2 276.5 3.8 0.4 5.7 0.7 7. 1 0.3 12.0 0.4 11.8 0. 8 22.8 0. 3 
22(16.5 4.7 0.4 5.4 0. 1 8.0 0.9 13. 1 0. 3 14. 1 1.6 25.1 0.6 
2296.5 5.2 0. 2 7.2 0.7 9.9 0.5 14.9 0. 1 16. 1 0.7 25.6 0.4 
2306.5 6.0 0.1 8.3 0.2 10.7 0.6 14.8 1.0 16.3 1. 4 28.0 1.2 
2 316.5 7.8 0.5 8.9 0.2 13.1 1.5 17.8 0.5 19.0 1.5 29.5 1.6 
2326.5 8.7 0.4 11.1 0.7 14.8 1.3 19. 3 0. 9 21.7 2.2 32.5 0.9 
2336. 5 10.1 0.3 12.4 0.7 16.7 1.3 2 1.9 0. 2 24. 3 2.2 38.4 0.7 
2346.5 11.6 0. 1 14.8 0.8 18.6 1.4 25.4 0.4 28.3 2. 1 42.7 0.7 
2356.5 13.6 0. 4 16. 1 0.8 21.4 1.3 27.4 0.7 32.2 2. 3 48.0 1.0 
2366.5 14.6 0. 1 19.4 1.0 23.8 1.2 31.6 0. 5 36.5 2. 0 52.7 0.8 
2376.5 16.8 0.2 22.4 0.9 27.2 0.8 35.4 0.4 42.6 2. 8 56.5 0.9 
2386.5 20.3 0. 4 25.9 0.8 31.4 0.7 41.1 0. 4 49.6 3. 2 66.7 0.9 
2 396.5 23.9 0.4 30. 3 1.1 36.8 1.1 46.6 1.6 55.7 3.2 75.0 1.0 
2406.5 27.9 0.3 34.2 0.7 42.4 1.8 52. 1 0.4 63. 2 3.0 83.4 0.6 
2416.5 32.5 0.5 39.5 0.8 49.0 1.8 61.8 0.7 72.6 3.5 92.9 0.7 
Table 6 (continued). 
molality 0.4U5 0.971 1.523 
cm- 1 Int SI) Int SD Int SD 
2426.5 38.2 0.7 45.9 0.7 56.3 1.9 
2436.5 44.0 0.6 52.7 0.7 64.3 2.0 
2446.5 51.5 0.6 60.0 1.0 73. 3 2.0 
2456.4 58.6 0.8 68.4 0.7 82.6 1.5 
2466.4 65.9 1.0 77.0 0.8 91.4 1.4 
2476.4 72.7 0.5 86.0 1.0 101.7 1.2 
2486.4 79.6 0. 5 94.7 1. 1 111.8 1. 2 
2496.4 86.8 0.6 103.0 1.1 120.9 1.2 
2506.4 92.6 0.6 108.9 0.7 129. 1 1.0 
2516.4 95.4 0. 6 112.8 0.8 132.6 1.0 
2526.4 97.2 0.6 1 15.2 0.7 135.6 1. 1 
2536.4 96.3 0.8 1 14.7 0.7 132.7 1.1 
2546.4 92.8 0.6 109.5 0.7 126.8 1.2 
2556.4 86,9 0.8 102. 3 0.7 116. 1 1. 1 
2566.4 79.8 0.7 94.7 0.9 105.8 1.1 
2576.4 73.6 0.5 84. 7 0.7 95.0 1.7 
2586.4 65.8 0. 4 75.7 0.6 82.4 1.4 
2596.4 58.0 0.4 65. 3 0.7 70.7 1.1 
2606.4 49.5 0. 4 56.1 0.6 58.8 0.8 
2616.4 42.1 0.5 47.0 0.8 49.4 1.2 
2626.4 36.5 0.4 39.9 1.0 40.8 1.0 
2636.3 30.8 0. 4 33. 2 0.5 33.6 0.9 
2646.3 26.7 0.3 27.5 0.5 26.0 1.5 
2656.3 22.6 0.3 23. 4 0.4 21.6 1.4 
2666.3 18.7 0.5 18.6 0.7 17.2 1.1 
2676.3 15.5 0.2 15.5 1.0 13. 2 0.4 
2686.3 13.0 0.2 12.6 0.9 10.2 0.8 
2696.3 10.2 0.4 9.9 0.7 7.6 0.5 
2706.3 8.3 0.8 8.0 0.5 6.0 0.2 
2. 149 2.' 349 3. 192 
Int SD Int SD Int SD 
68.8 0.9 82.5 3. 5 104.9 0.8 
79. 1 1. 1 93. 1 2. 7 115.5 1.6 
90.0 1.0 104.9 2. 7 129.1 1.1 
101.8 1.0 119. 1 2. 7 143.6 1.4 
112.2 1. 1 130. 8 2. 5 154.3 1.4 
125. 2 1.0 143.0 2. 5 165.7 1.3 
133. 3 0.8 153. 1 2. 9 174.7 1.0 
143.3 1.4 161.8 1. 6 180.9 1.2 
149.5 1. 1 167.5 0. 9 183.3 1.8 
154. 3 1.3 168. 5 1. 7 182.0 1.4 
156.5 0.9 168.5 1. 6 178.0 1.3 
152.5 1.3 161.5 1. 2 169.5 1.1 
143.2 0.8 153. 1 1. 2 158. 1 1.0 
132.3 1.1 139.5 1. 4 142.3 0.9 
119. 3 1.0 125. 1 1. 8 126.4 1.0 
106.0 0.8 110.8 1. 8 111.6 0.9 
93.0 0.7 96. 2 1. 9 95.0 1.2 
80. 1 0.5 79.8 2. 9 79.1 1.0 
6 6.8 0. 6 66.5 2. 5 63.7 1.3 
54.7 0.3 54.6 2. 5 53.0 1.1 
46.6 0.3 45. 3 1. 9 42.0 0.9 
37.4 0.3 36.8 1. 9 32.6 0.3 
30.5 0.3 28.7 1. 6 25.3 0.7 
24.7 0.3 22.8 1. 5 19.0 1.6 
19.0 0.7 18.0 1. 1 14.5 1.6 
15. 9 0.8 13.7 1. 3 11.5 1.5 
12.3 0.2 10.6 1. 4 8.5 1.3 
10.2 0. 1 7.0 1. 1 5.9 0.9 
8.0 0.6 5. 1 0. 9 3.0 1.1 
Table 6 (continued). 
mo]alj ty 0. 0. 974 1. 523 
cm -1 Int SD Int 51D ""îiit" SD~ 
2716.3 6.3 0.2 5.6 0.4 4.0 0.3 
27 26.3 U.8 0. 4 4.6 0.4 2.8 0. 3 
2736.3 3.8 0. 1 3.7 0.4 1.6 0.5 
2746.3 2.8 0. 3 3.2 0. 1 0. 1 0.4 
2756.3 2.2 0.2 2.1 0.3 0.2 0.3 
2766.3 1.5 0.2 1.3 0.7 -0.1 0.6 
2776.3 1.2 0.3 1.5 0.8 -0.6 0.6 
2786.3 0.9 0.5 1.9 1.1 -0.6 0.8 
2796.3 1.3 0. 3 1.2 1. 1 0. 1 1.3 
2 .  m9  2.549 3.192 
Int SD 
5.U 0.0 
a.l O.U 
3.1 0.7 
1.9 0.5 
0.6 0.7 
0.5 0.2 
-0.6 0.5 
-0.3 0.6 
-0.5 0.8 
Int SD 
3.8 0.6 
3.2 0.1 
2.0 0.7 
1.2 0.9 
1.3 1.6 
0 . 1  1 . 1  
0.0 1.4 
1.0 2.7 
1.U 3.7 
Int SD 
2.0 0.4 
0.4 0.3 
-0.1 1.1 
2.1 1.1 
1.7 1.6 
2.7 2. 1 
3.2 2.0 
2.7 0.9 
3.8 1.2 
li 
1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 0  
.0 
.0 
. 0  
. 0  
. 0  
. 0  
. 0  
. 0  
. 0  
. 0  
. 0  
.0 
.0 
.0 
Average intensities of the OH stretching frequencies of the 
isotropic spectrum of GilCl^-SXH^O. 
0.974 1. 523 2. 145 2.547 3.198 
Int 
6.4 
7.5 
9.5 
1 1 . 1  
12.5 
14.4 
17.0 
20.5 
2 2 . 8  
26.3 
28.7 
33.4 
38.2 
4 3.9 
49.2 
55. 2 
6 1 . 6  
69.3 
77.9 
86.9 
97.7 
109.8 
1 2 2 . 2  
134.2 
147.5 
164.0 
180.2  
197.2 
SD 
0.9 
0.5 
0.1 
0.4 
0 . 6  
0.7 
0 . 2  
0.9 
0.5 
0 . 2  
0.3 
0.4 
0.5 
0.5 
0.5 
0.4 
0.4 
0. 4 
0.5 
0 . 6  
0 . 6  
0 . 6  
0.7 
1. 1 
1.2 
1. 1 
1. 1 
1 . 2  
Int 
6.7 
8 . 6  
10. 4 
1 2 . 8  
15. 1 
17.8 
21.  1  
23.0 
2 8 . 0  
31 . 9 
35.7 
41.9 
47.5 
53.9 
6 1 . 1  
67.3 
75.7 
85.5 
94.3 
105.5 
118. 1 
130.4 
144.2 
159.8 
175.0 
190.4 
207.3 
224.6 
SD 
0.4 
0 . 2  
0 . 2  
0 .  2  
0. 3 
0 . 6  
0 . 6  
0 . 2  
0.3 
0 . 6  
0.3 
0.7 
0 . 6  
0.7 
0 . 6  
0.7 
0.7 
0.7 
0 . 6  
0 . 6  
0.9 
0.7 
0.9 
0.9 
1.4 
1.0 
1 .  1  
1 . 1  
Int 
9.6 
11.7 
14. 3 
17.5 
20.5 
23.2 
2 8 . 0  
30.0 
36.4 
41.2 
46.6 
52.5 
59.7 
66.7 
75.8 
83.3 
93. 5 
104.0 
115.7 
127.8 
142. 1 
155.9 
171.5 
1 8 8 . 0  
204.4 
220.8 
239.9 
257.0 
SD 
0 . 6  
0.3 
0. 3 
0.4 
0.5 
0 . 8  
0 . 8  
0.7 
0. 4 
0.7 
0.7 
0.9 
0.7 
0 . 6  
0.9 
0 . 6  
0.7 
0 . 8  
0 . 8  
0.7 
1.3 
0 . 8  
0.9 
1. 1 
1.5 
1.5 
1.4 
2 . 0  
Int 
11.7 
14.0 
1 6 . 8  
2 0 . 6  
24.6 
2 8 .  1  
32.9 
37.2 
44.1 
50.7 
57. 3 
65.4 
74.7 
83.8 
93.6 
103.7 
1 15.6 
128.3 
142. 2 
156.5 
171.9 
188.4 
205. 9 
225.7 
243. 3 
2 6 2 . 2  
281 .8  
303.0 
SD 
0.7 
0.4 
0.5 
0 . 6  
0 . 8  
0.9 
1. 1 
0.7 
0 . 6  
0 . 8  
0 . 6  
0 . 6  
0.7 
0.5 
0.9 
0.9 
1 .  1  
0 
4 
2 
3 
1 
1 .  1  
1.5 
1. 3 
2. 3 
1.7 
2 .  1  
Int 
11.7 
15. 2 
18.5 
22.4 
27. 1 
31.9 
36.7 
41.8 
49.0 
57.4 
63. 3 
73.7 
83.4 
93.6 
1 0 6 . 6  
117. 2 
130. 8 
145.7 
1 6 0 . 2  
177.6 
194.8 
214.0 
233.4 
254.4 
27 3. 9 
293.8 
314. 2 
336.8 
SD 
0.7 
0. 4 
0. 5 
0. 5 
0.7 
0 . 6  
0.7 
0. 3 
0. 5 
0.6 
0.7 
0.9 
1 . 0  
0 . 8  
1 . 0  
1.2 
1.2 
1 
7 
2 
7 
6 
6 
4 
4 
6 
7 
7 
Int 
12.3 
1 6 . 2  
2 0 . 8  
25.3 
30.5 
35.8 
42.7 
48.5 
57.8 
6 6 . 8  
76.5 
87.7 
1 0 0 . 0  
112.3 
127.3 
141.0 
156.8 
17 3.8 
193.1 
214.0 
233.8 
256.0 
278.4 
301. 5 
323.1 
345. 3 
368.4 
392.7 
SD 
0.7 
0.3 
0.4 
0.4 
0.7 
0 . 8  
1 . 0  
0.3 
0.7 
0.8 
0.5 
0.7 
0 . 8  
0.7 
1.3 
0 . 8  
1 . 1  
1 . 2  
1.0 
1.4 
1 . 6  
1.5 
1.4 
1.7 
1.7 
1.7 
1.9 
2 . 0  
Table 7 (continued) . 
molality 0. 444 0. 974 1. 523 
Ota -1 Int SD In t SD Int SD 
3326.0 216. 1 1.3 246-0 1.2 278.7 1. 6 
3336.0 233.5 1.7 265.4 1.7 298.4 1 . 6 
3346.0 250.6 1.7 283. 5 1.7 320.7 1. 9 
3355.9 269.6 1.8 302. 8 1.6 341.0 1. 9 
3365.9 287.2 1.6 321.0 1.6 360.6 2. 1 
3375.9 303.9 1.5 337.9 1.8 379.4 2. 0 
3385.9 316.8 1.8 354.0 1.9 393.4 2. 0 
3395.9 327. 1 1.8 367.6 2.3 407.7 2. 0 
3405.9 337.4 2. 3 376. 1 2.0 418.0 2. 4 
3415.9 344. 1 1.8 3 85. 9 1.9 425.9 2. 3 
3425.9 347. 1 2. 2 389.9 2.0 430.6 2. 3 
3435.9 347.4 1.7 391.2 2.3 428.8 2. 4 
3445.9 345.5 1.7 386. 2 2.0 423.7 2. 2 
3455.9 340. 9 2.0 381.7 2. 1 418.1 2. 8 
3465.9 332.5 1.7 373. 9 2. 1 405. 2 2. 2 
3475.9 321.9 1.7 360.9 3.0 393.2 2. 2 
3485.9 310.7 2.0 347.7 2.4 376.9 2. 1 
3495.9 297.9 1.8 3 33.9 1.8 359.8 2. 1 
3505.9 283.9 1.8 316.5 2.3 34 1.9 1. 8 
3515.9 270.0 1.5 298.4 1.5 318.8 2. 3 
3525,9 254.1 1.4 279.7 1.7 298.6 1. 5 
3535.8 239. 2 1.9 260.7 1.4 277.9 1. 5 
3545.8 225.2 1. 4 243.9 1.5 258.9 1. 3 
3555.8 210.2 1.8 226. 2 1.2 239.4 1. 3 
3565.8 196.4 1.4 210.5 1.3 220.7 1. 2 
3575.8 185.0 1. 1 196.9 1.2 204.3 1. 1 
3585.8 175.0 1.4 103.5 1.2 188.1 1. 3 
3595.8 162.5 1. 1 168.5 1.1 172. 3 1. 3 
3605.8 150.9 1.2 156.1 1.0 156.4 1. 2 
2. 145 2.547 
Int SD Int 
324. 7 1. 9 361. 
348. 0 1. 8 384. 
369. 7 2. 1 407. 
389. 9 2. 1 426. 
410. 5 2. 1 445. 
428. 8 2. 1 461. 
444. 1 2. 2 477. 
456. 7 2. 3 487. 
466. 0 3. 1 494. 
470. 6 2. 8 498. 
471. 1 2. 5 497. 
470. 1 3. 0 49 3. 
462. 9 2. 5 485. 
453. 0 2. 6 473. 
439. 3 2. 3 458. 
421. 9 2. 3 440. 
403. 8 2. 3 419. 
385. 3 2. 0 400. 
364. 3 2. 0 374. 
335. 0 3. 5 348. 
314. 9 2. 0 323. 
293. 6 1. 8 299. 
272. 3 1. 8 276. 
250. 3 1. 3 252. 
233. 0 3. 5 231. 
209. 6 1. 2 211. 
191. 8 1. 3 191. 
172. 8 0. 9 171. 
153. 6 1. 0 151. 
SD Int SD 
1. 9 417.1 2.2 
2. 1 438.9 2.3 
2. 5 462.6 2.3 
2. 6 481.6 2.5 
2. 4 501.1 2.7 
2. 5 515.9 2.7 
2. 6 527.0 2.8 
2. 5 536.6 2.8 
2. 9 540.1 2.9 
2. 7 540.0 2.9 
3. 0 535.3 2.8 
2. 8 528.7 2.8 
3. 1 517.0 3.0 
2. 5 504.1 2.6 
2. 8 486.9 2.7 
2. 9 466.2 2.5 
2. 9 441.4 2.4 
2. 8 419.7 2.6 
2. 1 394 .7 2.1 
1. 9 366.1 1.8 
1. 9 340.7 1.8 
1. 9 312.6 1.8 
1. 5 287.0 1.7 
1. 7 261.2 1.6 
1. 4 236.8 1.3 
1. 2 214.0 1.3 
1. 0 192.7 1.3 
1. 1 170.4 1.1 
1. 0 148.1 1.0 
0 
6 
1 
2 
3 
6 
0 
9 
5 
1 
8 
5 
3 
0 
7 
7 
9 
6 
1 
9 
7 
7 
9 
8 
5 
3 
2 
9 
2 
Table 7 (continued). 
molality 0. 444 0. 974 1. 523 2. 145 2.547 3. 198 
cm- 1 Int SD Int SD Int SD Int SD Int SD Int SD 
3615.0 139.0 1. 1 140.2 1.2 137.5 1.2 133.4 1. 1 129.6 2. 0 123.5 0.9 
3625.8 126.0 1.0 124.2 0.7 119.0 1.2 113.2 0.9 107.7 0. 6 100.8 0.6 
3635.8 109.3 1.2 105.4 0.6 99.2 0.7 91.9 1.5 85.6 0. 6 79.6 0.6 
3645.8 90.6 0.6 84.7 0.7 77.8 0. 6 71.0 0.4 66. 2 0. 4 59.9 0.7 
3655.8 69. 1 0. 6 63.5 0.4 58.4 0.4 52.4 0.4 40.5 0. 4 43.5 0. 3 
3665.8 49.4 0. 4 45.8 0.4 42.6 0.6 38.5 0.5 35.5 0. 5 32.3 0.5 
3675.8 36.0 0.4 33.1 0.5 31.1 0.4 28.4 0.6 26. 8 0. 4 25. 3 0.4 
3685.8 24.8 0.4 22.8 0.4 22. 3 0.4 20.8 0.4 19.5 0. 6 17.6 0.4 
3695.8 17.5 0.4 17.4 0.6 16.4 0.5 15.6 0.6 14.9 0. 8 13.8 0.6 
3705.8 12.3 0. 4 11.2 0.4 11.6 0. 2 11. 2 0.4 10.8 0. 3 9.9 0.2 
3715.R 8.3 0.4 8.4 0.3 8.7 0.3 8.8 0. 3 7.8 0. 4 7.5 0.4 
3725.8 5.9 0.5 6. 1 0.3 6.5 0.4 6.7 0.4 6.1 0. 4 5.6 0.4 
3735.7 4.3 0. 2 4.1 0.2 4.5 0.2 4.8 0. 2 4.7 0. 2 4.4 0. 2 
3745.7 3.4 0. 1 3.5 0. 2 3.4 0.4 3.8 0. 3 3.6 0. 3 3.0 0.3 
3755.7 2.4 0. 2 2. 1 0.2 2.5 0. 1 2.9 0. 1 2.5 0. 4 2.1 0.1 
3765.7 1. 2 0. 2 1.7 0.2 1.9 0.3 2.4 0. 3 1. 8 0. 3 1. 5 0.1 
3775.7 1.0 0. 1 1.2 0.2 1.4 0.5 1.9 0.2 1.3 0. 2 1.0 0.3 
3785.7 0.6 0. 1 0.7 0.3 1.4 0.2 1.9 0.4 1. 1 0. 1 0.9 0.2 
3795.7 0.8 0. 1 0.6 0. 3 1.0 0.3 1.5 0.4 0.4 0. 4 0.3 0.3 
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Table 8 (continued). 
molality 0. 444 0. 974 1. 523 
cm- 1 Int SD Int SD Int SD 
3326.0 44.0 0.3 56.1 0.4 70.2 0.4 
3336.0 47.3 0.4 60.5 0.7 74.3 0.7 
3346.0 51.5 0. 3 64.9 0.3 80.3 0.9 
3355.9 55.0 0.6 69.9 0.6 84.5 0.5 
3365.9 58.9 0.6 73.3 0.6 89.0 0.6 
3375.9 61.6 0.5 76.6 0.7 93. 2 0.8 
3385.9 64.5 0. 3 79.8 0.8 96.3 0.6 
3395.9 65.8 0.4 83.4 0.6 98.8 0.6 
3405.9 69.2 0.4 85. 3 0.6 100.4 0.6 
3415.9 69.5 0.5 86.2 0.5 102. 1 0.7 
3425.9 69.4 0. 5 85. 9 0.5 101.2 0.7 
3435.9 69.2 1.2 86.8 1.2 101.6 0.9 
3445.9 67.8 0.8 85.0 0.4 98.7 1.2 
3455.9 66.8 0.5 82.3 0.5 96.3 0.5 
3465.9 64.7 0.4 79.0 0.6 91.3 1. 1 
3475.9 61.8 0.4 76.2 0.4 87.1 0.8 
3485.9 59.2 0. 5 72.0 0.6 83.0 0.5 
3495.9 55.9 0.3 68.1 0.4 78.2 0.4 
3505.9 52.6 0.5 62.6 0.4 72. 1 1.0 
3515.9 48. 1 0.4 58.0 0.4 65.9 0.7 
3525.9 44.8 0.4 53. 1 0. 5 60.7 0.4 
3535.8 41.1 0.5 48.0 0.4 54.0 0.8 
3545.8 37.6 0.4 43.8 0. 3 48.6 0.6 
3555.8 34. 2 0. 4 39.7 0.4 43.8 0.4 
3565.8 30.5 0.2 34.7 0.5 37.2 0.7 
3575.8 28,5 0. 3 31.7 0.8 33.8 0.4 
3585.8 25.0 0.5 28.4 0.2 29.0 0.9 
3595.8 22.9 0. 2 25.1 0.3 25.9 0.4 
3605.8 20. 2 0. ?. 22.0 0.2 22.2 0.5 
2. 115 2.647 3. 198 
Int SD Int SU Int SD 
87.9 0.5 100. 1 0. 7 120.5 0.7 
93.7 0.6 104. 9 0. 6 126.0 0.7 
98.1 1.1 Ill. 6 0. 8 131.6 0.8 
103.4 1.0 116. 5 0. 7 136.7 0.9 
108.0 0.7 119. 7 0. 7 139.8 0.8 
112.2 0.9 12 3. 8 0. 9 142.3 0.8 
114.4 0.9 125. 3 0. 7 144.5 0.9 
116.5 0.8 126. 9 0. 7 143.6 0.9 
1 17.9 1. 3 127. 6 0. 8 143.1 0.8 
119.0 0.6 126. 9 0. 8 141.8 0.8 
118.0 0.7 125. 2 0. 7 137.8 0.8 
116. 1 0.7 122. 9 0. 6 134.3 0.7 
112.8 0.7 119. 7 1. 0 130.4 0.8 
109.6 0.6 114. 4 0. 8 123.5 0.9 
104. 0 0.6 108. 7 0. 7 116.6 0.9 
98.6 0.5 102. 5 0. 8 110.0 0.8 
92.7 1. 1 96. 3 0. 5 103.0 0.9 
86.6 0.7 90. 6 0. 5 95.1 0.6 
79. 1 0.7 82. 4 0. 8 87.3 0.6 
7 1.6 1.3 75. 3 0. 8 78.5 0.5 
64.5 0.5 67. 7 0. 7 71.2 0.5 
57.9 0.5 59. 5 0. 5 62.6 0.4 
52. 1 0.4 52. 5 0. 7 55.3 0.6 
46.0 0.5 46. 8 0. 4 48.8 0.4 
40.2 0.4 40. 4 0. 3 40.9 0.5 
35.2 0.7 35. 1 0. 7 36.0 0.3 
31.2 0. 3 30. 0 0. 2 31.0 0.5 
26.2 0. 3 26. 2 0. 4 26.5 0.2 
22.5 0. 3 22. 0 0. 8 22.0 0.2 
Table 8 (continued). 
molality 0. 444 0.' 974 1. 523 
_ 
cm- 1 'int SD Int SD Int SD~ 
3615.8 17.3 0. 3 18.5 0.2 19.2 0.4 
3625.8 15.4 0. 2 15.7 0. 1 16. 3 0.2 
3635.8 12.5 0. 1 12.7 0.1 13.1 0.2 
3645.8 9.9 0.2 10. 1 0. 3 10.4 0. 3 
3655.8 8.1 0. 3 8.4 0.3 8.0 0.3 
3665.8 5.6 0.1 5.7 0.2 5.6 0.2 
3675.8 4.3 0. 5 4.3 0.2 4.4 0.4 
3685.8 3.5 0.2 3.6 0.4 3.4 0. 2 
3695.8 2.4 0. 1 2.1 0.2 2.4 0.3 
3705.8 2.1 0. 2 2.2 0.2 2. 1 0.3 
3715.8 1.6 0. 1 1. 1 0. 1 1.8 0.2 
3725.8 1. 1 0. 2 1.0 0.4 1. 1 0.2 
3735.7 0.9 0.5 1. 1 0. 3 1.6 0.3 
3745.7 1 . 1 0.4 0.6 0. 2 0. 3 0.2 
3755.7 0. 1 0. 3 0.3 0. 3 0.6 0.2 
3765.7 0.3 0. 2 0. 2 0. 2 -0. 1 0.2 
3775.7 0.4 0. 6 -0.1 0. 3 0.6 0.3 
3785.7 -0. 1 0. 2 0.2 0.3 0.2 0.3 
3795.7 0.2 0. 3 0.1 0.3 0.3 0.4 
2.145 2.5U7 3.198 
Int SD Int 
18.8 0. 3 18. 
15.0 0. 1 14. 
12.2 0.4 1 1 .  
9.6 0.4 9. 
7.0 0.2 6. 
4.8 0. 1 5.  
4.2 0.4 4. 
2.8 0. 5 2 .  
2. 1 0. 1 2. 
1.7 0.4 1. 
1.2 0.2 1. 
0.9 0.3 0. 
0.9 0.3 1. 
0.4 0. 3 0. 
-0.0 0.4 0. 
-0.2 0. 3 -0. 
0.3 0.3 -0. 
-0.2 0. 2 0. 
0.0 0.3 -0. 
SD Int SD 
0. 2 18.1 0.2 
0. 1 14.4 0.1 
0. 3 11.1 0.2 
0. 2 8.4 0.2 
0. 2 6.3 0.3 
0. 3 4.8 0.2 
0. 5 3.6 0. 3 
0. 2 2.9 0.3 
0. 1 2.1 0.2 
0. 4 2.2 0.3 
0. 1 1.0 0.2 
0. 2 0.8 0.3 
0. 3 0.9 0.3 
0. 4 0.5 0.3 
0. 2 0.5 0.3 
0. 3 -0.0 0.4 
0. 3 0.2 0.4 
0. 3 -0.4 0.2 
0. 3 -0.1 0. 3 
1 
7 
3 
0 
7 
0 
1 
8 
1 
7 
2 
5 
0 
U 
U 
1 
0 
1 
3 
87 
OH spectra listed in Table 8 .1 
LuCl -5%D 0. 
3 2 
Three spectral scans were made and averaged for both po­
larizations of the solutions listed in Tables 9 and 10. But 
for the isotropic spectra of the 2.0 molal solution and the 
anisotropic band of the 0.5 molal solution only two runs were 
made. 2 
The first feature to notice in Figs. 9 - 13 is that 
though no dramatic changes are apparent as the concentrations 
iThere was difficulty in preparing GdClg aqueous solu­
tions, in which all of the water was deuterium, to be used as 
backgrounds for the corresponding solutions used to obtain OH 
spectral data. In spite of precautions taken during the 
preparation of these background solutions, sufficient H_0 was 
absorbed to give a Raman signal. Because there were no 
overtone or combination bands in this spectral region, all 
^ L» ^ V, W« ^ f V* ^ m ^ ^ o ^ ^ ^ Kf 3 C" ^ V O ^ ^ r* k 
frequency tail of the D2O spectral band. Hence, guided by 
the corrected 100% D2O Background used for the water data and 
taking into account the end points of the GdCl2~5XH20 solu­
tion data, curves were obtained to be used as backgrounds for 
this data. The use cf this adjusted background along with 
the uncertainty about the amount of H2O in the band solutions 
may introduce systematic errors as large as 10% in the OH 
spectral intensities. In spite of this possible inaccuracy, 
the analysis of this data was consistent with that of the 
5% C^O solutions. 
^Originally six concentrations of this rare earth were 
used. However, the data for the 1.5 molal solution was 
inconsistent with all the other concentrations and also with 
the data for the other salts. This was the only data that 
was discarded in the preparation of this report. It is 
assumed that impurities or optical misalignment may have been 
at fault. 
Table 9. Average intensities of the OD stretching frequencies of the 
isotropic spectrum of LuCl^-BîlD^O. 
molality 0.504 1.002 1,999 2.571 2.916 
cm ' 1 Int SD Int SD Int SD Int SD Int SD 
2146.6 6.8 0.4 5.4 0.7 7.7 1.5 6.6 1.3 6. 1 0.7 
2156,6 7.0 0. 3 7. 0 0.7 9.3 2. 0 8.9 1.0 7.1 0.5 
2166.6 9. 1 0. 5 8.4 0.7 11.6 1.7 12.6 1.0 8.8 0.9 
2176.6 9.6 0.4 8. 8 0.4 12.0 1.0 12.4 0.8 10.3 1.8 
2186.6 11.3 0.4 10.2 0.5 13.1 2. 1 14.8 1.6 12.0 1.2 
2196.6 12.5 0.7 12. 7 0.6 15.9 0. 3 16. 2 1.0 15.2 0.7 
2206.6 15.0 0.3 13.8 0.6 18.4 0.6 19.9 1.5 16.4 0.8 
2216.6 15.3 0.7 16. 9 0.3 21.5 0.7 22.7 1. 1 20. 1 0.7 
2226.6 18.6 0. 3 18. 9 0.2 24.6 0.8 26.0 0.5 24.5 1.0 
2236.6 20.6 0. 2 21. 7 0.6 27.2 1.4 30.7 0.8 27. 1 0.9 
22U6.6 22.6 0.4 24. 1 0.6 31.0 0. 6 34.0 0.6 32.9 0.6 
2256.6 25.5 0.8 28.3 0.8 36.0 0.9 39.3 0.4 36.6 0.8 
2266.6 27.5 0.7 31.8 1.0 41.0 0.6 44. 3 0.6 43.6 0. 5 
2276.5 32.5 0. 5 37.4 0.8 47.6 0.6 52. 6 0.9 50.8 1.2 
2286.5 37.2 0.5 42. 6 0.5 53.9 0.4 60.0 1.0 60.2 0.6 
2296.5 42.0 0.5 47.7 0.8 62.1 0.7 68.2 1.3 70. 1 1.0 
2306.5 48.8 0. 5 54. 7 0.6 70.5 0. 5 79.7 1.0 79.7 0.5 
2316.5 56.4 0.7 63.0 0.6 80.7 0.7 92. 4 0.8 93. 3 0. 8 
2326.5 64.3 0.5 73. 6 0.7 93. 2 1. 1 105. 3 1.4 107.9 1.1 
2336.5 7 3.4 0.5 84.3 0.7 106.5 0.7 120.3 1.5 126.5 0. 8 
2346.5 84.5 1.0 96.6 0.9 121.8 0. 8 137.0 1.5 145.6 0.9 
2356.5 96. 1 0.9 1 10.6 0.7 139.0 2.0 154. 1 1.6 165.8 1.1 
2366.5 1 10.3 0. 8 125. 2 1.0 157.0 0.9 176.7 2.0 188.4 1.4 
2376.5 128.5 1.3 144.0 1.1 177.0 2.4 202. 1 1.8 212. 1 1.5 
2386.5 151.8 1.3 167. 3 1.3 202. 4 1.8 231.0 2. 1 242.5 1.5 
2396.5 176.0 1.1 193.6 1.4 229.8 1.6 259.5 2. 1 274.7 2. 1 
2406.5 206.6 1.3 222. 7 1.5 259.9 1.5 292.0 2.0 308.6 2.2 
2416.5 241.0 1.4 257.7 1.5 295.4 1.7 327.9 2.5 349.5 2. 2 
Table 9 (continued). 
molality 0. 504 1 . ' 002 1. 
cm- > Int SD Int SD Int 
2U26.5 281.7 1.8 296. 9 2. 3 336.0 
2436.5 327. 3 1.9 341. 6 1.9 378.5 
2U'»6.5 379.3 2. 2 389. 2 2.2 427.3 
2456.4 428.6 2.4 435. 5 2.8 475.2 
2466.4 478. 1 2.8 486. 3 2. 8 523.3 
2476.4 526.9 3.0 529. 8 2.9 571. 2 
2406.4 574.2 3. 1 579. 3 3.4 616. 1 
2496.4 614.2 3.8 624. 3 3.5 659.7 
2506.4 642. 1 3.7 655. 7 3.6 688. 3 
2516.4 657.8 3.6 676. 7 3.7 709.3 
2526.4 662. 1 3.8 686. 7 4.4 717.8 
2536.4 650. 1 3.8 678. 2 3.7 710.0 
2546.4 628.5 3.4 656. 2 3.7 686. 2 
2556.4 595.7 3.4 621 . 6 3.5 648.1 
2566.4 555.6 3.4 583. 0 3. 2 6 06.0 
2576.4 518.0 2. 8 539. 2 3.7 557.2 
2506.4 474.0 2.6 493. 0 2.7 508.7 
2596.4 431.5 2.4 443. 2 2.5 454.8 
2606.4 386. 5 2. 1 398. 5 2.2 404. 5 
2616.4 347.6 2.0 357. 4 2.0 354.2 
2626.4 311.0 1.9 317. 4 1.9 312.4 
2636.3 282. 3 1.8 281. 8 1. 5 273.2 
2646.3 252. 8 1.7 250. 2 1.6 236. 5 
2656.3 226. 5 1.3 219. 1 1.2 199.7 
2666.3 194.6 1. 1 185. 9 1.2 165. 2 
2676.3 162. 2 1. 1 152. 2 1.2 133. 1 
2686.3 130. 2 1. 1 122. 1 0. 8 104.7 
2696.3 99.4 0.6 93. 3 0.5 80.8 
2706.3 74.3 0.5 68. 5 0.7 60.7 
2.571 2.916 
SD Int SD Int SD 
2.0 372.4 2.6 392.6 2.6 
2. 3 418.4 2.8 441. 1 2. 5 
2. 5 167.6 3.8 489.5 2.7 
2.6 516.0 3. 5 540.4 3.0 
2. 9 563. 1 3.6 585.3 4.0 
3.6 605. 1 4. 2 628.5 3. 6 
3. 4 646.8 3.6 668.8 3.9 
3.6 683.0 4. 2 700.2 4.0 
3.9 710.9 3.9 722.9 4.0 
3.9 726.3 4.0 734.9 4.0 
3. 9 726.8 4.0 732.0 4.0 
4.2 716.7 3.9 718.9 3.9 
3. 8 686.4 3.7 689.2 3.8 
4.0 645. 4 3.4 650.6 3.6 
3. 2 601.8 3.6 604.0 3. 4 
3.8 553. 8 3. 3 555. 0 3.0 
3.0 502.3 2.9 503.7 2.7 
5.2 446. 1 3.7 448.6 2.4 
2. 1 393.9 3.3 396.8 2.6 
2.1 345.7 3.0 348.8 2. 1 
3. 4 302.2 2. 1 305.0 1.7 
3.0 261.6 2.6 262.9 1.4 
3.0 223.6 2.2 226.4 1.5 
2.2 187.2 1.7 187.7 1.6 
0. 9 154.6 1.7 151.2 1.1 
0. 9 122. 1 1.7 118.2 1.7 
1.0 96.8 1.5 92.8 1.0 
0.9 75. 1 1.7 72. 4 0.9 
0. 8 57.2 1.7 54.9 0.6 
Table 9 (continued). 
molality 0.50'k 1.002 
cm-i Int SD Int SD 
2716. 3 54.0 0.6 52. 1 0.6 
2726. 3 39.9 0.8 38. 0 0.7 
2736. 3 29.8 0.6 28. 2 0.4 
2746. 3 21.5 0.5 20.7 0.2 
2756. 3 16. 0 0. 2 16.6 0.3 
2766. 3 11.0 0.9 11. 4 0. 3 
2776. 3 8. 1 0.2 7.7 1.0 
2786. 3 4.4 0. 3 5. 5 0.4 
2796. 3 3.7 0.4 4.9 0.9 
1.999 2.571 2.916 
Int SD Int SD Int SD 
45. 1 1.7 43. 3 1.4 41.8 0. 4 
34. 3 1.4 33.4 1.3 32.1 0.7 
24.0 0.5 23.9 1.2 24. 1 0.8 
18.8 0. 8 18.4 0.9 18.0 0.7 
14.2 1. 1 12.7 1. 3 11. 8  1. 1 
10. 3 0. 5 9.5 1.3 8.8 1.3 
9.3 2. 5 6.6 1.3 6. 1 0.7 
5.9 2.0 5.4 0.8 4. 1 0.7 
2.6 1.9 4.5 2.0 2.4 1.8 
Table 10. Average intensities of the OD stretching frequencies of the 
anisotropic spectrum of LuCl^-SXDgO. 
molality 0. 504 1.1 002 1.' 999 2.571 2.916 
c*-i Int SD Int SD Int SD Int SD Int SD 
2116.6 1.2 0.2 -0.2 0.4 2.4 0.7 0.5 0.5 -0.1 0.6 
2156.6 2.2 0.3 0. 7 0. 2 2.0 0. 1 0.4 0.4 -0.0 0.5 
2166.6 1.4 0.3 0.4 0.4 3.6 0. 1 1.3 0.4 0.3 0.7 
2176.6 1.9 0.2 0.8 0.3 3.7 0. 1 2.2 0.5 0.9 0.5 
2186.6 2.7 0. U 1.2 0.4 4.6 0.4 2.4 0. 5 1.4 0.6 
2196.6 3.6 0.4 1.4 0.6 5.3 0. 3 2.8 0.9 1.0 0.6 
2206.6 2.9 0. 2 2.8 1.1 5.0 0.3 3.5 0.9 2. 1 0. 5 
2216.6 4.3 0.3 2.8 0.5 6.0 0.8 4.2 0.2 2.1 0.5 
2226.6 4.1 0.4 2.8 0.5 6.2 0.3 4.4 0.4 3.7 0.4 
2236.6 4.8 0.5 3. 6 0.4 6.5 0. 6 5.7 0.3 4.0 0.5 
2246.6 5.5 0.2 4.2 0.5 7.8 0. 6 6.7 0.4 4.9 0. 5 
2256.6 4.7 0.4 4.9 0.6 8.9 0.8 7.4 0.6 6.9 0.3 
2266.6 5.6 0.5 5.2 0.6 9.9 0.6 9. 1 0.3 7.7 0.6 
2276.5 5.8 0.4 5. 8 0.3 11.4 0. 6 10. 1 0.3 9.5 0.4 
2286.5 6.5 0.4 6.7 0.2 12.9 0.3 12.2 0.4 11.6 0.3 
2296.5 7.5 0. 5 8. 2 0.4 14.5 0.2 15.4 0.7 14.4 0.6 
2306.5 8.6 0.2 9.3 0.7 15.8 0.8 16.3 0.3 17.3 0.5 
2316.5 9.9 0.5 10. 9 0.4 18.2 0. 5 18.7 0.6 20.8 0.7 
2326.5 10.2 0.6 11. 5 0.4 20.3 0. 3 22.3 1.0 24. 3 0.4 
2336.5 11.4 0.7 14. 1 0.2 23.4 0.3 25.3 0.4 27.2 0.6 
2346.5 12.7 0.7 15. 7 0.3 25.7 0. 4 28.7 0.2 32.9 0. 3 
2356.5 15.0 1.0 17.8 0.2 28.2 0. 4 32.2 0.4 37.9 0.5 
2366.5 16.7 0.8 20.0 0.5 31.6 0.6 37.7 0.4 42.8 0.4 
2376.5 18.9 0.6 23. 6 0.6 34.3 0.6 42.4 0.4 49.6 0.5 
2386.5 21.2 0. 3 27.7 0.3 39.8 0. 4 48. 1 0.3 57.5 0.6 
2396.5 24.9 0.8 30. 9 0. 5 44. 1 0.6 55. 0 0.5 64.5 0.6 
2406.5 27.9 0.4 34. 9 0.3 49.6 0.3 62.8 0.5 72.8 0.7 
2416.5 32.0 0. 3 40.4 0.4 57. 2 0.5 70.5 0.7 82.6 0.7 
Table 10 (continued). 
molality 0.504 1.002 
c m *  Int SD lot SD 
2426.5 37.2 0.3 46. 5 0.4 
2436.5 42.8 1.0 52. 7 0.6 
2446.5 49.2 0.5 59. 7 0.5 
2456.4 55.7 0.5 67. 7 0.8 
2466.4 62.2 0.5 74. 8 0.8 
2476.4 69.2 0.5 83. 3 0.6 
2486.4 75.4 0.7 89. 3 0.6 
2496.4 81.4 0.7 97. 8 0.7 
2506.4 86.0 0. 5 104. 6 0.9 
2516.4 89.4 0.6 107. 7 0.7 
2526.H 90.3 0.7 110. 5 0.8 
2536.4 89.5 0.6 109. 4 0.9 
2546.4 85.6 1.0 104. 3 1.0 
2556.4 80. 1 0.6 97. 7 0.6 
2566.4 74.5 0.5 90. 1 0.6 
2576.4 68.9 0.5 81. 5 0.8 
2586.4 61.1 0.7 72. 2 0.4 
2596.4 54.0 0.6 62. 8 0.5 
2606.4 47. 1 0.4 54. 3 0.8 
2616.4 40.3 0.4 45. 6 0.6 
2626.4 34.7 0.3 39. 1 0.6 
2636.3 30. 1 0.4 33. 3 0. 3 
2646.3 25.9 0.3 28. 2 0.7 
2656.3 22.6 0.5 24. 3 0.6 
2666.3 19. 1 0.3 20. 0 0.2 
2676.3 15.9 0.4 17. 5 0. 3 
2686.3 13.2 0. 1 14. 4 0.3 
2696.3 11.7 0. 2 12. 4 0. 1 
2706.3 9.8 0.2 10. 3 0.5 
2.571 2.916 
SD Int SD Int SD 
1.0 79.2 0.7 94.5 0.9 
0.9 89.0 0.7 106.5 1.0 
0.7 98. 1 0. 9 117.7 0.8 
1.0 108.3 1.2 127.7 0.9 
1.0 118.7 0.8 137.2 0. 9 
1.1 126. 2 0.7 146.3 1.0 
0.8 133.5 0.9 152.2 0.9 
0. 9 140.4 0.9 158.0 1.1 
1.0 144.2 1.0 160.0 1.0 
0.9 145.7 0.9 160.7 2.0 
0. 8 143. 4 0.8 156.8 1.5 
0. 9 138. 3 0.9 150.0 0.9 
0.0 129.9 0.7 140. 1 0.9 
0.6 119.3 0.7 127.6 0.8 
0.9 108.0 0.6 115.2 0.8 
0.7 96.3 0.6 102.9 0.7 
0.5 83.5 0.8 88.1 0.6 
0.7 71.3 0.6 74.8 0.7 
0.7 60. 2 0.8 61.8 0.5 
0.5 50.3 0.8 52.5 0. 3 
0.3 42.0 0.7 44. 1 0.7 
0. 2 35.3 0.4 35.5 0.4 
0. 2 29.3 0.3 29.2 0.2 
0.4 24.3 0.3 24.3 0.6 
0.5 20.4 0.2 19.2 0. 5 
0.7 16.9 0.2 15.2 0.6 
0.2 14.7 0.3 13.0 0.2 
0. 3 12. 3 0.3 10.4 0.2 
0.4 10.8 0.4 9.7 0.7 
Table 10 (continued) . 
molality 0. 504 1. 002 
cm-1 Int~ SD Int "ÎÎD" 
2716.3 8.4 0. 2 8.4 0.5 
2726.3 6.8 0.4 7. 3 0.5 
2736.3 5.7 0.4 6.2 0.3 
2746.3 4.7 0. 1 5.4 0.5 
2756.3 4.5 0.6 4. 3 0.4 
2766.3 4.0 0. 1 4.0 0.3 
2776.3 4.0 0.2 4.4 0.4 
2786.3 3.6 0. 1 4.2 0.3 
2796.3 4.2 0.7 3. 2 0.2 
1.999 2.571 2.916 
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9. Intensities of the isotropic Raman bands of the OD 
stretching vibrations of HDO in aqueous solutions of 
LaCl for several concentrations. 
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Fiq . 1 C • Intensities of the isotropic Saman bands of the CD 
stretching vibrations of HDO in aqueous solutions 
of Gdci for several concentrations. 
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Fig. 11. Intensities of the isotropic Raman bands of the OD 
stretching vibrations of HDO in aqueous solutions 
of LuClg for several concentrations. 
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Fiq. 12. Intensities of all the isotropic Raman bands of the 
OH stretching vibrations of HDO in aqueous solu­
tions of GdClg. 
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Fig. 13, Intensities of the anisotropic Raman bands of the 
OD stretching vibrations of HDO in aqueous solu­
tions of LaClo, GdCl2 and LuCl^ and of the OH 
stretching vibrations of HDO in aqueous solutions 
of GdCl^. 
99 
of the samples are increased, the shoulder, which appears on 
the high frequency side of the isotropic water band, 
gradually disappears for both the OD and OH spectral bands. 
A closer inspection reveals that in general, for both polari­
zations oZ all solutions, the Raman shifts of the peak inten­
sities first increase as anticipated, then unexpectedly de­
crease at higher concentrations. These results are graphed 
along with error bars in Figs. - 17. The connecting lines 
are simply a visual aid. Plots of the half-widths as a func­
tion of molality in Figs. 18 - 21 demonstrate how initially 
both the OC and OH bands become narrower, for both polariza­
tions of all solutions, and then broaden again at high con­
centrations. Such "complicated" behavior had not been antic­
ipated. 
In addition to these unexpected results, the positions 
of peak intensities and the breadths of the half-widths 
differ for the three rare earth solutions in a consistent 
manner at high concentrations. This is apparently a signifi­
cant, though small cation effect. 
Analysis 
Though the differences in the spectral data among the 
three salts and the changes in band shape, with changes in 
concentration, are small, they are outside of experimental 
error. As an aid to analyzing the data, the following method 
was developed: A graph was plotted cf the average intensity 
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108 
as a function of concentration for a fixed Raman shift. For 
GdCl^-SXE^^» instance, seven intensities, including water 
for zero concentration, were plotted for each of the 66 wave 
numbers for which isotropic data was taken. The results are 
illustrated for several Raman frequencies in Fig. 22. Subse­
quently, a least-squares quadratic fit was made to each of 
these plots. Statistical analysis irdicated that a quadratic 
equation was suitable for this data. Then the slopes, or 
tangents, of these intensity curves were determined at each 
concentration by taking the analytic derivative of the 
quadratic equations. The numerical value of this derivative, 
at a given concentration and Raman shift, corresponds to the 
average change in the molar intensity of the OD oscillator, 
as the fraction of water molecules in contact with the 
electrolytic ions increases. This number, hereafter called a 
differential of intensity vith respect to cowCenLraLioa, is a 
function cf concentration and the Raman frequency. Fig. 23 
illustrates the differential plotted as a function of wave 
number for each GdCl^-SSD^O concentration including water (or 
GdClg-SXDgO at infinite dilution). These plots are to be in­
terpreted in terms of the Raman stretching frequencies of KDO 
molecules which are affected by the cations or anions in the 
scluticn. 
It is generally believed that in dilute solutions GdCl^ 
ionizes completely into Gd2+ and C1-. But as the concentra-
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I l l  
tien increases, coapleiaticn occurs, first as ion pairs are 
fcrmed where the water molecule is shared by the cation and 
the anion. Then, for very concentrated solutions, CI- may 
enter the first coordination sphere of the rare earth ion, 
such as hi.,.pens in the hydrated crystals. The differential 
analysis of the data reported here is believed to reflect 
these trends. 
It is evident that, at infinite dilution, tue intensity 
is enhanced at two distinct spectral regions when the concen­
tration of the solution is increased. Of course, this growth 
in intensity is superimposed upon a general decrease in the 
intensity of the "unaffected" water molecules, the relative 
population of which is diminished. This negative change in 
intensity is especially noticeable on the high frequency side 
of the differential band. 
Cf the two positive differential pear.s that appear for 
dilute solutions, the one at lower frequency, which is 
shifted the most froi the vapor frequency of KDO, is attri­
buted to water molecules which are adjacent to the cation. 
This is motivated by the idea that the intense electric field 
around the cation should shift the Raman frequency more, when 
it interacts with the dipole of the water molecule, than the 
smaller negative charge of the chloride ion, to which the 
higher frequency differential peak is attributed. This iden­
tification is substantiated ty subsequent ex periaent s which 
1 1 2  
have been made in this laboratory on aqueous solutions of 
Gd(CIOg. The differential analysis of this data uncovers a 
peak at virtually the same frequency as the one that has been 
associated with the cation above, while the high frequency 
different:.1 band is much different in shape and position 
than the above anion band. The fact that the two resolved 
differential bands disappear and one emerges for higher con­
centrations, is attributed to scatter which occurs from water 
molecules which are adjacent to cations and anions at the 
same time. This is in agreement with the generally conceived 
behavior of ionic solutions. 
To establish that these results were not just an arti­
fact of the quadratic fits, cords were drawn between the in­
tensities of adjacent concentrations of GdCl^-5%D^0 and their 
slopes used to plot a "difference" curve for the isotropic 
data. Ccsparison of Fig. 2U with Fig. 23 st rates that 
the features which are being discussed are clearly 
discernible. 
Analogous results obtained for the isotropic spectrum of 
the OH stretching vibration are displayed in Fig. 25.  Al­
though the differential bands are much broader so that two 
differential bands are not resolved at lew concentration, 
their identity is established by the shoulder and associated 
inflection on the low frequency side of the curve. At high 
concentrations, only one band is obvious as before, and the 
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1 1 5  
frequency of the peak i.-. again between the frequency of the 
two unresolved bands obtained at lower concentrations. 
When a similar analysis is made of the anisotropic 
spectrum of the OD stretching frequency of GdCl^r only one 
differential band is apparent at low concentrations, which 
corresponds with the band having the higher frequency in the 
analysis of the isotropic spectrum. Bith further addition of 
GdClg to the solution, the frequency of this band decreases 
till, near saturated concentrations, it is located at a simi­
lar frequency as the corresponding differential band of the 
isotropic spectrum, as demonstrated in Fig. 26. As seen in 
Fiq. 27, parallel effects are obtained for the differential 
analysis of the spectrum of the OH stretching frequency in 
the aqueous anisotropic GdCl^ solutions. 
The same analysis was done for both polarizations of the 
CD stretching frequency of the aqueous solutions of LaCl^ and 
LuClg, and very similar results were acquired as seen in 
Figs. 28 - 31, It is instructive to superimpose the result­
ing curves for the three salts at infinite dilution and at a 
concentrated solution, as is done in Figs. 32 and 33. This 
makes it clear that while the results for GdCl^ and LuCl^ are 
nearly the same, the results for LaCl^ is measurably differ­
ent. And the difference at infinite dilution occurs in the 
band at low frequency which has been tentatively assigned to 
water molecules which are affected by the rare earth ions. 
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Fig. 26. The differentials of intensity with respect to 
molality of the anisotropic Raman band of the OD 
stretching vibration of HDO in water and aqueous 
solutions of GdCl . 
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If this is a correct assignment, then in the above comparison 
there is evidence that water molecules are affected 
differently by the La3+ ion than by the Gd3+ or Lu3+ ion. 
This could well reflect a difference in cation hydration 
which has been reported previously by a number of 
investigators (55, 68, 70, 96). According to these studies, 
la3+ seems to have a greater number of water molecules in the 
first hydration sphere than Gd3+ or lu3+. 
The differences, in the differential curves of LaCl^, 
GdClg and LuClg are consistent with the fanning out of the 
peak frequencies of the spectral band of these salts at high 
concentration noted earlier. 
Incidentally, the fact that four Gaussians or three 
skewed-Gaussians could continue to fit the spectrum of solu­
tions, in which there were distinct bands associated with 
affected water molecoles,- is en additioral indication that 
there is no physical significance to the component functions 
which fit the curves. 
Finally, attention should be called to the consistent 
similarity of the depolarization ratios for all of the solu­
tions displayed in Fig. 34. While the magnitude of these 
ratios is dependent on the background subtracted from the 
hand data, the shapes of the frequency dependence of the 
depolarization ratios were essentially insensitive to differ­
ent choices of background parameters. 
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Fig. 3U. Depolarization ratios of the OD stretching vibra­
tions of H DO in aqueous solutions of LaCl^ , GdCl^ 
and LuCI, and of the OH stretching vibrations of 
HDO in aqueous solutions of GdCl^. 
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SOMHARY AND COHCLOSIONS 
The following significant results and information have 
been obtained ia this work: 
1) Accurate data for the OD and OH vibrations in water 
and six concentrations of GdCl^ and for the OD vibrations in 
five concentrations each of LaCl^ and LuCl^ were obtained, 
which are independent of the exciting laser frequency. The 
expected standard deviation of the average at each Raman 
shift was determined for both polarizations. 
2) At least four normal Gaussian curves were required to 
suitably fit the isotropic data, but it appears that nothing 
lore than curve fitting equations have been obtained. 
3) Parameters listed by Halrafen for a four Gaussian fit 
to the OD stretching band of HDO did not fit the data ob­
tained in this work. This may be because his data was not 
corrected for the response efficiency cf his dctecticn 
system. 
4) Consistent depolarization ratios were obtained for 
the OD and OH stretching vibrations in water and Gdcl^ and 
the OD bands in LaCl^ and LuCl^. All are similar in shape 
and demonstrate that this ratio is not constant across the 
HDO spectral bands. 
5) The depolarization ratio is larger for the OH band 
than for the OD band. Also, for each of the solutions, the 
saqnitude cf this ratio increases regularly with increasing 
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salt concentration. 
6) Sithin experimental error, the molar integrated in­
tensity increases linearly with respect to the concentration 
of the rare earth chloride. 
7) The freguency position of peak intensity of the OD or 
OH band increases with increasing rare earth chloride concen­
tration at low concentrations. Then it decreases for all 
salts at higher concentrations. Likewise as anticipated, at 
low concentrations these bands become narrower, but at high 
concentrations they broaden. 
8) In addition, there is a cation dependent difference 
in the peak positions and half-widths for both polarizations 
that is apparent at high concentrations of the three rare 
earths. 
9) Differential analysis of the data locates the fre­
quencies cf the OD zzd 0° cscillatcrs that are influenced by 
the cations and anions at low concentrations. A single dif­
ferential band at high concentration indicates that the water 
molecules are being affected by both salt ions. 
10) This differential analysis shows that the Gd3+ and 
lu3+ cations have a similar effect on water, but there is a 
measurable difference for La^*, as would be expected from 
thermodynamic data. 
11) Ho distinct cation band is visible in the differen­
tial analysis of the anisotropic data at low concentration. 
128 
Two ma-jot features distinguish this report. First, 
reproducible calibrated data have been obtained for the 00 
and OH stretching bands in water and aqueous solutions. ie 
believe that this data is five to ten times more accurate 
than any reported heretofore. This accurate spectral data, 
together with listed estimated standard deviations, should be 
a rigorous test for theoretical models of water. It also in­
dicates that some widely quoted published results are of 
questionable value. Furthermore, the data permit for the 
first time an unequivocal demonstration that the 
depolarization ratios of the CD and OH vibrational bands of 
HDO do vary with Raman frequency. 
The second prominent feature is the development and use 
of a differential analysis technique which allowed the iden­
tification of distributions of the stretching vibrations as­
sociated with yater lolecTiles ^hich azs clss.rly affected ia 
different ways by the rare earth and chloride ions. 
Separate independent experiments on aqueous Gd(€104)3 
support the validity of the differential analysis, exhibiting 
not only the cation effect but also indicating that the ClO^-
ion complexes with water. Though different peak frequencies 
and aaqnitudes occur, there is a qualitative similarity in 
the differential curves of rare earth chlorides and 
perchlorates. 
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It appears that it would be fruitful to look at aqueous 
solutions with anions in the same iso-electronic sequence as 
Cl-, i.e. I~, Br— and F-. This should help to increase the 
interpretive power of the method of analysis developed here. 
For similar reasons it should be valuable to make Raman scans 
of solutions with mono- and divalent cations, finally, it 
appears that this differential analysis may be applicable to 
electrolytic and non-electrolytic aqueous solutions in gener-
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